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[] are supplied by JPRS. Processing indicators such as [Text]
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processed. Where no processing indicator is given, the infor-
mation was summarized or extracted.

Unfamiliar names rendered phonetically or transliterated are
enclosed in parentheses. Words or names preceded by a ques-
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TRANSLATIONS ON USSR RESOURCES
(Fouo 8/79)

P1PELINE TRANSPORT OF PETROLEUM

PN Moscow TRUBO-PROVODNYY TRANSPORT NEFTI I GAZA ("Pipeline Transport
of Petroleum and Gas") in Russian 1978 signed to press 19 May 78
pp 146-192, 322-374

[Chapters 5 and 8 of book edited by V.A, Yufin, Izdatel'stvo
"Nedra," 7,700 copies, 408 pages] .
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TECHNTCAL DESIGN OF MAIN PETROLEUM PIPELINES
Moscoﬁ TRUBO~-PROVODNYY TRANSPORT NEPTI I GAZA in Russian 1978 pp 146-192

[Chapter 5 by V. . Belousov, E. M. Bleykher, A, G. Nemudrov, V. A. Yufin
and Ye, I. Yakovlev from the book TRUBO-PROVODNYY TRANSPORT NEFTI I GAZA
edited by V. A. Yufin, Izdatel'stvo "Nedra," 7,700 copies, 408 pages]

[Text] The technological designing of a petroleum pipeline involves solu-
tion of the following fundamental problems:

determination of the economically most advantageous parameters (pipeline di-
ameter, pressure at the petroleum pumping stations, pipeline wall thickness
and the number of petroleum pumping stations);

determination of the positioning of stations along the pipeline route;
computation of the pipeline operating regimes.

Using several diameter values it is possible to carry out hydraulic and
mechanical computativns determining (for each variant) the number of pet-
roleum pumping stations and the pipeline wall thickness. The best variant
is found from the reduced expenditures, that is, economic computations,

The positioning of the petroleum pumping stations is determined graphically
on a compressed profile of the route. :

The computation of the operating regimes involves a determination of the

- pressures at the stations, the backups before them and the throughput cap-
acity of the pipelines under pumping conditions differing from the computed
conditions. In addition, the problem of regulating pipeline operation is
gsolved.

#5.1. Initial Data for Technological Design of Pipeline

The following data are necessary when designing a pipeline: throughput cap-
acity; dependence of petroleum viscosity and density on temperature; ground
temperature at the depth at which the pipeline is laid; mechanical properties
of pipe material; technical-economic indices and a gketch of the compressed
route profile,

The throughput capacity of a pipeline is given in millions of tons peg year
in the design specifications; for computations it 1s converted into m”/hour

- and m3/sec (in the computed density values). It is assumed that a pipeline
operates 350 days (or 8,400 hours) annually. .~
1
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Throughput capacity is the principal factor determining the pipeline dia-
meter and the pressure at stations,

- The technological design norms give the pipeline diameter values and pres-
sures at petroleum pumping stations as a function of throughput capacity

(Table 5.1) .
Table 5.1

Pipeline Diameters and Output Pressures at Stations as a Function of the
" Throughput Capacity

e st i et -~ J O e e e

. Hedrenponyxronposoan 1 Hedrenposonu 2
- , Iponycknan IIpomyox
Ttaaserp, MK n::g;g:.e m“l); oore, S P, MM ”.?r%‘}%'{.'-" o:ﬁ g%&“.
k| 4 5 3 &
29 90—100 0,709 529 54—05 6—8
2713 7585 1,8—1,6 - 680 52—62 10—12
325 8775 1,8—2,3 720 . 50—60 14—18
377 85—65 2,5—3,2 820 4858 22—28
426 5565 3,5—4,3 920 46—56 32—38
529 556—65 6,5—8,5 1020 4656 4250
o 1220 | 44-54 70—78
) KEY:
1. Petroleum product pipelines
2, Petroleum pipelines
3. Diameter, mm
4. Pressure, kg/cm?
5, Throughput capacity, millions of tons annually
Table 5.2
Capital Expenditures on Linear Part of Main Pipelines
KlllI;:l J‘l’ .Hlpl;eo ,l:;l’lﬂl. Klﬂl;:};?llpl;.u’l.l'?lm.
} -
’ 'rpﬂon:::o- AR napan 'n%'g“p;' :
* - na, MM Ba nA -
WA | SR, R | G,
1 3 4 1 3
219 22,8 18,0 630 71,0 56,0
273 24,9 20,4 720 77,5 62,4
325 28,8 228 820 91,4 74,9
8mn 83,6 21,5 1020 136,4 119,6
428 37,6 31,5 1220 180,8 165,68
KEY: 580 50,8 45,1 A

1. Pipeline diameter, mm
2, Capital expenditures, thousands of rubles/km
- 3. on main pipeline
_ 4. on parallel pipeline
2
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Table 5.3

Capital Expenditures on One Pumping Station (in Thousands of Rubles)

. e e e e o e
-  P— Hosan naomaRKA 2 Coamemenn~a RromaRKa q
cnocodmoors,
_ Man, r/vox mman‘ opoMemyToNian TONOBNAL DPONOXYTONRAR
. : . 5
6 Ho#tcnponynronpoloxh /
0,7-0,9 1339 830 085 - 500
1,318 . 1504 854 1080 - 548
1,8—2,3 1 643 820 1 160 855
2,53, 1 807 1127 1320 680
3,6~4,8 2558 1274 1 800 768
»6,5—8,8 3890 1669 2720 1005
7 Hedronpomonu
63 5418 1928 3820 1160
10—12 6 730 2012 4700 1210
_ 14—18 8077 2170 5605 1345
22-28 0 202 2554 6 355 1535
4250 15 806 3028 10 925 1845
70-78 16 103 3580 11 843 2138,

- KEY:

1. Throughput capacity, millions of tons annually
2. New site

3. Matched

site

4, Main (head)
5. Intermediate
6. Petroleum product pipelines
7. Petroleum pipelines

Costs of Pumping Under Technological Design Norms

)

Omanerp Cete- - Jiwaverp wg::'o.cn
TpYGOnpORO- p N, TpyGonp nepeRaTKE,
- na, uN wom/(r. xu& na; N ROW/ (7. KM)
: . 1
219 03 630 0,004
278 0,24 720 0,082
825 0,24 820 0,069
an 0,47 1020 0,065
428 0,15 1220 0,082
530 0,13

KEY:

1. Fipeline diameter, mm
2, Cust of pumping, kopecks/(toneknm)

3
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Fig. 5.1. Route profile. Note: The names of the stations are given arbitrar-
ily.

KEY:
A. Novodvorki
B, Tuguyev
C. Aleyevo
. D. Muftakhi
E. Frolovo
F. Kasperichi
G. Khizil'sk
H. Ground elevations (black), m
I. Distance, km

" The petroleum density and viscosity are determined by laboratory analyses.

The density P is usually determined at 20°C. At other temperatures

where Pt and Py( are densities at the temperatures t and 20°C, kglm3;
g 1s the temperature correction, kg/(m3-°C),

}=1,825—0,001315059.

The results of laboratory viscosity determinations are given in the form
uf a viscosity~temperature curve.

In the absence of this curve the kinematic viscosity "‘at the necessary tem—
perature can be found using the empirical formula (in centistoke)

I
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Iglg (v+08) mamblg T,

where a and b are constants which can e determined using this same for-
mula 1f one knows the viscosity values for two different temperatures; T
is the absolute temparature, °K.

The ground temperature at the depth at which the pipeline is laid is de-
termined using field data. It must be known for determining the computed
values of density and viscosity of the fumped petroleum,

The mechanical properties of the pipe material are glven in the correspond-
ing handbooks., Depending on the grade of steel, the tensile strength and
yield stresa fall in the range from 50 and 35 kg/mm? (for 14KhGS) to 60

- and 40 kg/mm? (for 16G2SAF). .

The technical-economic indices are necessary for determining the reduced
expenditures.,

The capital expenditures can be computed by using consolidated indices tak-
~en from the technological design norms (Tables 5.2 and 5.3).

The capital expenditures on the linear part consist both of the cost of

the pipes and of the cost of all the work on pipeline construction (weld-
ing, insulation, digging of trenches, etc.). The capital expenditures at
the station include the cost of the equipment, pipeline communication sys-
tem, buildings, and for the head stations, also the cost of the tank farm.
About 807 of the total capital expenditures are spent on the linear part.
Approximately 45-50% of the capital expenditures on the linear part consti-
tute the cost cf the pipes.

The operating expenditures consist of the following principal items:
deductions for amortization (8.5% of the capital expenditures on the sta-
tion and 3.5% of the capital expenditures on the linear part) and on cur=-
rent repair (1.3 and 0,3% respectively);

expenditures on electric power -- 0,7-1.,5 kopeck/(KWH);

expenditures on lubrication, water, heating, electric power and "housekeep-
ing" needs;

wages;
maintenence, preservation, control;

other expenditures.

The first three items in the expenditures are fundamental, Thirty~-forty per-

cent of all the expenditures are for amortization and current repair., The
expend.tures on electric power constitute 40-60%.

5
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The total operating expenditures, determining the cost of pumping opera-
tions, is the most importaut index which characterizes the economy of
- pipeline operation.

In finding the economically most advantageous variant the operating ex-
penditures Op can be determined using the formula

Op = SGL,

where S is the cost of pumping, rubles/(ton*km) -~ See Table 5.4; G is
the throughput capacity of the pipeline, tons/year; L is the extent of
the pipeline, km,

The route profile (Fig. 5.1) is used for determining the computed values
of the length of the pipeline and the difference in geodetic elevations
= and also for finding the places for siting pumping statioms.

The profile is a diagram on which the characteristic points on the route
. are plotted and connected with one another. The distances from the initial
_ point and the geodetic elevations of these points are their coordinates.
The distance between any two points thus is determined not by the length
of the line connecting them but by its projection onto the x-axis. In
other words, the distances on the profile are plotted along the horizontal.
This is very important to bear in mind. '

The route profile is plotted in compressed form: the scale along the ver~
- tical is greater than along the horizontal. Therefore, all the rises and
depressions along the route stand out sharply and the diagram is graphic.

kkk
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#5.2. Principal Formulas for Hydraulic Computations of Pipeline

Steady motion of a liquid in a pipeline is described by the equation

%&+ '.%512'-4..1 1;-4-“.-0. ' (5.1)

where p is pressure; P is liquid density; A is the hydraulic resistance
coefficlent; x is length; D is pipeline diameter; w is the mean velocity
of motion of the liquid; g is the acceleration of gravity; z is the level-
ing elevation,

The dplp value represents the work of movement of the liquid in the seg-
ment dx, related to a unit mass [the measurement unit (H/m2)(m3/kg) = Hm/
kgl. ‘

. This work is expended on the overcoming of fricticnal forces [ (dx/D)(w2/
- 2)], on a change in the kinetic energy of the 1iquid [d(w2/2)] and on rais-
ing the liquid to the height dz.

Taking into account that P = const (droplet liquid) and that in this case
with a constant diameter of the pipeline d(wZ/2).= 0, after integration we
obtain: ; T Ty T
p—py L wt

o =hp T Hedn (5.2)
where L 1s the distance between points 1 and 2, that is, the length of the
pipeline; Az = z9 - zl]i is the difference in the geodetic elevations of the

e

end and beginning of the pipeline.
Ve divide expression (5.2) by g:

—py ]
DBy G B (5.3)
In equation (5.3) each term represents the work, no longer related to a
unit mass, but to a unit weight of the liquid, that is, height. The P1/P 8
value (or for brevity p1/y, where )’ = Pg is the specific gravity of the
1liquid) is the height H; to which the liquid rises in the piezometer under
the influence of the excess pressure pj at the initial point in the pipe-
line. The value py/p©g is the height Hy to which the liquid rises in the
pilezometer under the influence of the excess pressure p2 at the final

point. The value p/p g (or p/¥ ) is called the head, or, to be more pre—
cise, the piezometric head. Its dimensionality is (H/m2)(m3/H) = m.

Equation (5.3) can be written differently:

Hmh+4s, (5.4)
where H = H; - Hy i3 the difference in heads at the initial and final
points on the pipeline;

7
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L ws
hemdr =g (5.5)

The H value is alao called the general or total head loss. In a general
case it also includes the head losses on local resistances and in velocity
change.

Coefficient of Hydraulic Resistance

Formula (5.5) is called the Darcy-Weist ich formula. The hydraulic resistance
coefficient entering into it is a function of the Reynolds number Re and the
relative roughness 9 - - e

4
R N
where v 1s the kinematic viscosity of the pumped petroleum; Q is the vol-
ume flow; e 18 the absolute equivalent roughness of the pipeline walls.,

In the case of laminar flow, and also in the case of turbulent flow in a
zone of relatively small Re there is a smooth flow of liquid around the
roughness projections; roughneas exerts no influence on the head loss and
the hydraulic resistance coefficient is dependcnt only on Re, With an in-
crease in Re the coefficient A decreases.

The region of turbulent flow, in which A = A (Re), is called the smooth
friction region.

As a result of an increase in Re eddies begin to be detached from the rough-
ness projections. Eddy formation occurs the sooner the greater the rough-
ness. Now the resistance to liquid.flow is dependent not only on Re, but
also on roughness.

The region in which A= A(Re, £) 1s called the mixed friction region.

Here with an increase in Re 1its influence on A is gradually decreased and
the influence of £ increases (there is an increase in the intensity of
eddy formation on roughness projections).

In the case of large Re the A coefficient ceases to be dependent on it.

The region in which A= A (&) is called the region of completely rough
friction or the region of a quadratic frictior Iaw, since here A is a
constant value and the head loss is directly proportional to the square
of velocity.

In the case of laminar flow (Re <2000) the hydraulic resistance coefficient
is found using the Stokes formula: I S

P=TRe
The laminar regime occurs during the pumping of very viscous petroleums.
For computing A in a turbulent regime (Re> 3000) in the smooth friction
region we use the empirical Blasius formula

8
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Re

Usually this formula is used in designing pipelines for petroleums of medium
viscosity,

Aen

For the quadratic region the hydraulic resistance coefficient 1s determin-
ed using the Nikuradze formula ~= v = r———wm

. Vf_zlg-’;u.u.

A. D, Al'tshul' recommends use of the Shifrinson formula

A=0,41 (—;—)""'g

where k 1s the equivalent roughness, characterizing the total influence of
the state of the internal surface of the pipeline wall on hydraulic resis-
tance,

In the Nikuradze formula and in all the formulas cited below the £ value
also must be determined using the equivalent roughness £ = 2k/D. Sometimes
- it is only assumed approximately that in the case of a quadratic friction law
light pecroleum products can be pumped. The quadratic friction law can be
used in computations for main gas lines. -

Universal formulas are used for determining the hydraulic resistance coef-

ficient in the mixed friction zone. Their structure is such that in the

case of small Re they are transformed into the formulas A= A(Re), and

in the case of large Re are transformed into the formulas A= A(g). For

the first time a formula of such a type was proposed by Colebrook and White:
B :'2‘,"'(_'5_' I ) -
VA S\TE T RV

If the second term in the parentheses is neglected, we obtain the Nikuradze -

formula for the quadratic friction law. However, if the first term is

neglected, we derive the Prandtl formula for the smooth friction region:

—,—}-x-.-=2lgﬁei’f+0.8.

The results of computations of A using the Colebrook and White formula co-
incide well with experimental data obtained for industrial pipelines. But
this formula has a significant shortcoming: in computing A 1t 18 necessary
to have recourse to the successive approximations method.

L X1

This shortcoming is absent in similar formulas (giving virtually the same
results) proposed by:

- o[+ (ST )

7T
—}-}f‘_' —1'8‘13 [(3_'_7'%_) 111 + %_::]‘_

N. Z. Frenkel'

I. A. Isayev

9
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The A. D. Al'tshul' formula is characterized by particular simplicity

Am=0,11 (%-+-i";'})°""

With Re k/D<10 it virtually coincides with the Blasius formula, and with
Re k/D> 500 =~ with the Shifrinson formula.

The Re k/D = 10 value can be considered the limit between the regions of
smooth and mixed frictions and Re k/D = 500 is the limit betwaen regions of
mixed and completely rough friction,

Some k values are given in Table 5.5,

Table 5.5
A. D. Al'tshul' Equivalent Roughness Values
Matcpnan u snp Tpyo 2 Cooronnne TpY6 ' N, un
3 Becmonauo cransmie ¢ | Hosuo m wmerue ' - 9,01-0,02
6 | Mocae mecxomsxax aer sxcuaya- 0,45—0,3
Tam -
4 Coapmie cransmuo 7 | Homue m smerie 0,03—0,10
L)
g | C nesmamrrensuodt xoppoamek mo- 040-020 ,
CA0 OMMCTRER " '
9 YMSDeERO SMPIXARNCHEMO - .040-0,70
)
10 |.Crapse sipmanzemmue '_0&;—:01:5_
Camao nqmunmmmnn'nxn Py 2,0—4,0
11 | Gonsmmmm craOIEERAME . !

KEY:
1. Material and type of pipes
2. Condition of pipes
3. Seamless steel
4, Welded steel
5. New and clean
6. After several years of use
7. New and clean
8. With insignificant corrosion after cleaning
9, Moderately rusted
10, 01d rusted
11. Severely rusted or with great deposits

10
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Generalized L. S. Leybenzon Formula

The Stokes, Blasius and Nikuradze formulas (and also the Shifrinson for-
mula) have the following general form:

4
l-m—o (5.6)
where A and m are constant values (m is the index of the liquid motion re-
gime). Substituting (5.6) into the Darcy-Weisbach equation (5.5) and taking
into account that Re = 4Q/: Dv, we obtain the generalized Leybenzon formula:
. S e

‘l-p. Dl-m t“

where L e
84

B iy
The Leybenzon formula is used extensively in those cases when the dependence
of he on Q must be expressed in explicit form.

The values of the parameters m, A and ﬂ are given in Table 5.6.

On the graph 1g A= £(1g Re) the dependence (5.6) for the flow regimes indi-
cated in Table 5.4 18 represented in the form of straight lines, the tangent
of whose slope to the lg Re axis is equal to m. In the region of mixed fric~
tion, where A is dependent not only on Re, but also on the relative rough-
ness k/D, the line 1g A = £(1g Re) 1s a smooth curve. The index m of the
flow regime in this region is a variable value. :

Table 5.6
Values of Coefficients Entering into Leybenzon l’omula
Haunenosanse m A p.oym -
1 . "
. 128 .
3 Naummapuuit pewan 1 64 rraaltt
4 TypGynaentauit penain » aone Baasayca 025 03164 °—,&-o.ow
KEY: 5 06nacrs KBOADATNYHOTO 2AKOIA TPENRA 0 & ;;':—:-0.(326&
1. Name
2, sec?/m

3. Laminar regime
4, Turbulent regime in Blasius zone
5. Region of quadratic friction law

The latter circumstance virtually excludes the possibility of use of the
Leybenzon formula in the mixed friction region, This is a major inadequacy
because the region of mixed friction occupies a broad range of Reynolds
numbers in which the pumping of low-viscosity petroleums and 1ight petrol-
eum products 18 usually accomplished.

11
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However, at the price of some loss in the accuracy of computations this
shortcoming can be eliminated.

On the graph (Fig. 5.2) 1g A\ = £(1g Re) we note by the figure 1 the point
on the "Blasius straight line" where Rej = 10 (k/D)"l. and by the figure
2 the point on the "Shifrinson straight 1ine," where Re2 = 500 (k/D)-1
(1imits of the reglon of mixed friction). Substituting Rej into the Blas-
ius formula, and Re2 into the Shifrinsun formula, we find 1gA1 and 18A2
-~ the ordinates of the points 1 and 2.

Now we will pass a straight line through the points 1 and 2. Its equation
is reduced to the form

. . ‘
IgA=s04271g -75--0.027 ~0,4231g Re.

Assuming
‘oo.m u-:-,- -M"n.q,
we obtain ‘
A .
L T G.D

It is obvious that for the region Rej < Re<Ry the replacement of the curve
1g A = £(1g Re) by the straight line 1-2 is equivalent to a replacement
of the Alt'shul' formula by formula (5.7). This makes it porsible to apply
the Leybenzon formula also to the region of mixed friction.

For this region in accordance with (5.7) m = 0.123 and the ﬁ coefficiént
nust be computed for each specific case, since A for the mixed friction
region is dependent on k/D.

#5.3, Hydraulic Slope. Losses of Head in Pipelines with Loopings and Inserts

From the initial and final points of the profile of a line drafted with
identical horizontal and vertical scales we plot the heads H1 = p]_/?’
and H, = pa/7 (Fig. 5.3). The ends of the determined segaents Hy and Hp
are connected by a straight line.

The tangent of the slope of this straight line is known as the hydraulic
slope i (assuming that the diameter of the pipeline along its entire
length is identical, there are no local resistances and discharge along
the length does not change).

It can be seen from Fig. 5:3 tk_tat; )
—Hy—As
‘-—-J—'T” L .
But in accordance with (5.4) H} - Hp = A z = hg. Accordingly, the phys-
ical sense of the hydraulic slope -- the head loss on frictiom, assign-
able to a unit length of pipeline is

12
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Fig. 5.2. Replacement of curve lgA= Fig. 5.3, Diagram explaining deter-

f(1g Re) by straight line. mination of hydraulic slope.
A) Blasius; B) Al'tshul'; C)
Shifrinson N -
. N i b
. -b—u-r"'
or according to Leybenzon i
LT
YR s
D
It is convenient to use the following compact formula:
'-'QH'
vhere f 18 the hydraulic slope when Q = 1,
w
I-D'E.—.;.

The straight line connecting the ends of the segments Hj and Hy is called
the hydraulic slope line. It shows the distribution of heads (and accord-
ingly pressures) along the length of the pipeline.

1f a parallel pipeline ("looping") or a pipeline with a different diameter
("insert") is laid in some section of the route, the hydraulic slope in
this section will differ from the hydraulic slope of the main line.

Wo will find the relationships between the hydraulic slopes of the looping,
ingert and main line. We will assume that the regimes of petroleum movement
in them are identical.

Using the notations in Pig. 5.4 we have:

hydraulic slope of the main line "
hydraulic slope of the looping sector _Mog""al" Q:“'VT‘ o

la= B Dl-m = D:-ﬂ *

taking into account that Q; = Q2 = Q, we obtain
T pamiw, . (5.8)
{nn = "looping"; B = insert] ‘
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vhere )
o= PR L
[+ (2]
If D = D, then
loop ’ © - 1
2l-m .

In this case in a laminar regime «/= 1/2, in the case of a turbulent regime
in the R1asius zone «f = 0,297, for the quadratic region o/ = 0,25,

Similarl, .or the insert -
lyweiQy

a=(3)"

The head losses in friction for a pipeline with a looping will consist of

the head losses in the single and double (with looping) sectors:
hemiLos)bisn

where x is the length of the looping.

where

Taking (5.8) into account, it can also be written that
Aot [L—g(1—8)].
The total head loss for a pipeline with a looping 1is
HeailL—z(1—0)]+8s (5.9)

For a pipeline with an insert the expression for head loss has a similar
form.

1f the head loss must be expressed in dependence on Q, we will use the for-

mula "

E-B%L+M (5.10)
or

HemfQV"L 4880 (5.11)

#5.4. Characteristics of Pipeline, Pump and Pumping Station

The dependence of the head loss on flow is expressed by the pipeline char-

acteristic curve. Equation (5.10) or (5.11) is an analytical expression of

this dependence. A graphic representation of the pipeline characteristic

curve is shown in Fig. 5.5. The initial point of the characteristic curve

1s the end of the sugment A z, plotted upward from the H axis, if 2, > 21,

or downward, when z3 < z;. If the pipeline operates with the counterpressure
- p2 at the final point, thea to Az we add p2/y.

1
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The values 4 , L and D determine the steapnees of the characteristic curve,
The greater the viscosity of the pumped fluid, the extent of the pipeline,
and the lesser its diameter, the steeper is the characteristic curve,

H
. \
giaam» )
m, IACNMNO20
// yen'evvenuo A
’ P
= el
:ra\e t.mpm. femalna ?\, obracmy
g " N AQNUNADHO20
- nune B i m"r%' B
A a

Fig. 5.4, Hydraulic slope in differ- Fig. 5.5, Characteristic curve of
ent pipeline sectors. A) looping, B) pipeline. A) region of turbulent
main line flow, B) region of laminar flow

In the case of small flows in the zone of laminar flow the dependence of H
on Q is linear and in the region of turbulent flow =- the dependence 1s
parabolic,

However, in the equation for the pipeline characteristic curve there is no
reflection of transition from the linear part to the parabolic part. Assum-
ing, for :xample, that m = 0.25, we obtain a parabolic curve for any Q val-
ues, including with values corresponding to laminar flow. In Fig. 5.5 this
is shown by a dashed 1ine.

In practical computations there is no need to draw the characteristic curve
from the initial point corresponding to Q = 0. It is entirely sufficient to
construct the characteristic curve of the pipeline on the basis of three or
even two points situated in the narrow range of flows anticipated in the
operation of the computed pipeline.

The head characteristic curve for the pump is a representation of the depend-
ence of the developed head il on flow quantity Q.

For piston pumps the Q-H characteristic curve has the same shape as the de-
pendence of torque on rpm for an engine. In particular for a special case
for a pump with drive from a synchronous electric motor the characteristic
curve is a straight line parallel to the H axis,

For centrifugal pumps used on main pipelines the characteristic curves have
the shape of gently 8loping curves. The sector of the characteristic curve
corresponding to the highest efficiency values is the working region. For

it the dependence of H on Q is approximated very successfully by the expres-
sion

15
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v

(5.12)

Frequently there is a need for joint solution of the equations for the char-
acteristic curves of a pump (pumping station) and a pipeline, In these cases
in place of (5.12) it is desirable to assume

Wea—bgrtm, T C(5.13)

In formulas (5.12) and (5.13) a and b are constant values determined by the
processing of the coordinates of points taken in the working region of the
characteristic curve. According to the sense of (5.12) or (5.13) a is the
head with Q = 0 and the b coefficient is evidence of the steapness of the
characteristic curve. In formula (5.13) the m value is the same as in the
Leybenzon formula for head loss in the pipeline. The characteristic curves of
the pumps are obtained experimentally when working with water.

When working with very viscous petroleum the Q-H characteristic curve is
_reduced and becomes steeper. The method for the scaling the characteristic
curve "from water' to petroleum" can be found in special manuals., The den-
sity of the pumped fluid exerts no influence on the Q-H characteristic
curve; the head developed by the pump remains constant with a change in the
density of the pumped fluid.

- An increase or decrease in the diameter D of the wheel pump, and also the
frequency of rotation n, changes the characteristic curve. It is known that
p_gl | EoYET "

LA > V. (5.14)

Here the &sterisk denotes the new, changed conditions. With a change in the
frequency of rotation the equations are similar. With cutting down of the
wheels (D*< D) or with a decrease in the frequency of rotation (n®*¢n) the
Q-H characteristic curve decreases,

The characteristic curve for the pump after cutting down of the wheel to the
diameter D* can be obtained on the basis of the former characteristic using
formulas (5.14). It 18 impossible to restructure the characteristic

curve using only one of these formulas.

If it 18 necessary that the pump characteristic curve passes through the
point with the coordinates Q, B*, situated under the characteristic curve
corresponding to the wheel diameter D, the wheel diameter after cutting down
can be found using the formula

pomp | T2 (5.15)

This formula 18 derived from (5.12) and (5.14). The parameters a and b enter-
ing into it must be computed using formula (5.12), proceeding on the basis
of the given Q-H characteristic curve data with the diameter D.
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The characteristic curve of the group of interconnected pumps (cotal char-
acteristic curve) is obtained by adding together the characteristic curves
of the pumps entering into this group.

In the case of pumps connected in series we add the heads for identical
flows, and in the case of connection in parallel -- the flows with identical
heads (Fig. 5.6, a,b).

ay O

a _ z

Fig. 5.6. Plotting of total characteristic curve for two (identical) pumps:
a) connected in series; b) connected in parallel,

The equation for the total characteristic curve is the same as (5.12) or

(5.13).

With the in-series connection of pumps ——
c-an
b= 3 by

With in-parallel connection of k identical pumps with the characteristic
curve H = a - b1Q2™M the total characteristic curve will be as follows:

1-m
==ty (£)7
Assuming here that b]_/kz"ln = b, we arrive at the earlier expression (5.13).

The total characteristic of the pumps, operating at the pumping station, is
called the characteristic curve of the punping station.

#5.5. Head Balance Equation. Integrated Characteristic Curve

If the flow of liquid in the pipeline must overcome not only the resistance
caused by friction, but also rising by the height A z, and also perform
mechanical work bringing into motion, for example, a turbine, then equation
(5.2) must be supplemented by the term N/M (where N is the power; M 1is the
mass flow).

17
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However, 1f along the path of the flow there is a pump, rather than a tur-
bine, the term N/M must be assigned a minus sign. :

Thus, vilen we consider a system consisting of a pipeline and a pumping sta-
tion, :

- ] N
e e
Converting to heads and taking into account that
u-oa-o-j—
d e ——
an N-Q‘Yﬂeﬂ
N [CT = station] where “at is the head developed by the pumping station, we
obtain
Bt Hoymhy a0+ 8-, ©(5.16)

For a munin pipeline, along whose route there are n petroleum pumping sta-
_ tions, in equation (5.16; in place of Hgy it is necessary to write nHgee
The head p1/7/ is created by a speclal (supporting) pumping station.

If from p1/y we subtract the head loss in the system of pipelines in the

- suction direction of the main pumping station (hgy) [sd = suction direction],
we obtain the head in the suction pipe of the first main pump, called the
"backup" (AHp), .

The parameter hg includes the head loss in friction in the main 1line (iL)
and in the communicating lines (nhst) of all n pumping stations. In turn,
the head loss in the communicating lines (of one) station is

hgt = hgq + hp,,

where the subscript "sd" is for the "suction direction" and the subscript "pd"
is for the "pumping direction."

The head at the final point of the petroleum line p2/y will be designated
hfp (fp = final point). This is the head loss in the connecting lines at the
final point, including the height of the level in the receiving tank.

For the main pipeline with n identical pumping stations equation (5.16) can
now be represented in the following form:

MMy +nHeym L+ A5t nhesrhe, n (5.17)

[CT = st; K. T, = fp = final point]
Henceforth for brevity we will write:

AHy4nHeymil+s. ' (5.18)

18
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Equations (5.16), (5,17) and (5.18) are called the head balance equations,

The left-hand side of these equations glves the head developed by the pump~
ing stations and the right-hand side gives the head loss.

re

The sense of the head balance equations is similar to the sense of Newton's
third law,

Expressing the head developed by one station in the form Hge = a = sz'm
and the hydraulic slope in the form 1 = fqz'm, we obtain the head balance
equation : ,

[P

8Hy+n (a==bQY™) m Q4L 4. A, (5.19)
This equation has one unknown, Here Q 18 a specific value.

Assuming AHj to be a constant value, from (5.19) we obtain

+-m —
o~/ Bt . (5.20)

After determining Q, using formula (5.13) it is possible to compute the head
developed by the stations, and using formula (5.11) the head loss in the
pipeline. Both these values are equal to one another (head balance).

These same flow and head values can be found graphically (Fig. 5.7), in the
same diagram plotting the characteristics of the pipeline and the pumping
stations (integrated characteristic curve).

The point of intersection of the H(Q) curves on the integrated characteris-
tic curve is called the working curve. The coordinates of this point are the
flow in the pumping station - pipeline system and the head developed by the
pumping stations (head loss in the pipeline).

In Fig. 5.7 the Q axis can be shifted upward by the value z&al (dashed hor-
izontal line). In this case the backup before the head station AH; must be -
taken into account by the pipeline characteristic curve:

0=[Q*™L +As—AH,,
Integrated characteristic curves can also be plotted for individual pumping
stations with corresponding segments of the pipeline (runs). For identical
stations the coordinates of the working points of these characteristics
will be one and the same if the backups before the stations are related to
the characteristic curves of the runs. In other words, any of the pumping
stations situated on the route develops one and the same head, regardless
of the length and difference in the elevations at the end and beginning of
the run connected to it.

In contrast to this, the heads developed by stations with piston pumps are
dependent on the lengths and the differences in heights of the end and be-

ginning of the corresponding runs (drive from synchronous electric motors,
pumping with connected tanks). 19
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. The head balance and the equality of delivery by the pumps to flow in the

- pipeline (material pumping balance) give basis for the following important
conclusion: the pipeline and the pumping stations constitute a unified hy-
draulic system,

This principle is the point of departure in solving any problems in the pump-

ing of petroleum (petroleum products) along the main pipelines. The change

in the operating regime of any one pumping station (such as shutdown of

part of the pumps) impairs the regime of the remaining stations and simul- ,
taneously leads to a chenge in the operating regime of the pipeline, and |
vice versa, a change in pipeline resistance exerts an influence on the

operating regime of the pumping statioms.

The operation of the pipeline and pumping stations always must be regarded
as a joint operation.

Hydraulic computations of any (not only the main) pipeline cannot be consid-
ered finished if only the head loss is computed for a stipulated flow and
selected pumps. As a result of the computations, it should be possible to
determine the actual flow which is established in the system pump (pump=
ing stations) - pipeline, that is, the flow corresponding to the working
point on the integrated characteristic curve.

#5.6. Pass Point and Computed Length of Petroleum Pipeline

A rise on the route along which the petroleum flows to the terminal point i
of the pipeline by_gravity is called a pas3 point,

There can be several such points (Fig. 5.8). The distance from the initial
point on the petroleum pipeline to the closest of them (31) is called the
computation length of the petroleum pipeline.

_ .”‘ . . e e
nHem(B)

———ee e s
.

He) .

Hge
_-75357“~-=::::*
4,

a4

Fig., 5.7. Integrated characteristic Fig. 5.8. Finding pass point and
curve of pipeline and pumping stations. computation length of petroleum
pipeline.
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Fig. 5.9. Line of hydraulic slope beyond pass point.

In hydraulic computations the length of the petroleum pipeline is assumed to
be equal to the computation length; the difference in elevations Az is as-
sumed to be equal to the excess of the pass point over the initial point on
the route. :

- In order to find the pass point, from the final point on the route K we

' will draw the hydraulic slope line 1 to its intersection with the profile.
Then we will draw the parallel line 2 in such a way that it touches the
profile, not intersecting it in any place., The point of contact of the
line of the hydraulic slope 2 with the profile of the route is the pass
point 7, determining the computation length of the petroleum pipeline,

If the hydraulic slope line drawn from the final point on the route nowhere
intersects with the profile and is not in contact with it (the dashed line
in Fig. 5.8), the pass point is absent and the computation length 1s equal
to the total length of the pipeline, We will examine the movement of the
petroleum beyond the pass point.

We define two segments in the route interval from the pass point to the
terminal point: J1 A with the length 21 and AK with the length L7 (Fig.
5.9). In the latter of these the gravitational movement of the petroleum
is ensured by the difference in elevations of the points A and K: 1.12 =
Azp_x. In the segment 7 A, as can be seen from Fig. 5.9, Azy _,>1l1
by tie value 7 C, But this contradicts the balance condition of the lost
(1L3) and active (A'zII-A) heads. Accordingly, in the segment 37 A the
hydraulic slope must be greater than 1., This is possible only in the case
of an increase in the velocity of movement of the petroleum in the segment

JA. From the continuity equation —-——
Q=IDF

it can be seen that with an increase in velocity the cross section F of the
flow should decrease. Accordingly, beyond the pass point (to the point A)
the petroleum moves with partial filling of the pipeline cross section. The
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pressure in this segment is lower than at any other point in the pipeline:
it is equal to the pressure of saturated vapor of the pumped petroleum, In
this case (Azy g - iﬁ.)Q)’ is the power nonproductively lost beyond the
pass point.

#5.7. Computation Values of Discharge and Viscosity of Pumped Petroleum

The viscosity of the pumped petroleum does not remain comstant during the

course of the year. It changes in accordance with the seasonal variations

of ground temperature at the depth at which the pipeline is laid. With a

change in the viscosity of the pumped petroleum, as already mentioned above, i

there is a change in the characteristic curves for the pipeline and the pumps J
- (centrifugal): with an increase in viscosity it increases, whereas with a de-

crease it decreases, Accordingly, the throughput capacity of the petroleum

pipeline, determined by the point of intersection of the characteristic

curves for the pipeline and pumping stations (working point), in the course

of the year changes from a minimum value (March~-April) to a maximum value

(August-September), as shown in Fig. 5.10.

The movement of the working point in the field Q-H 1s determined primarily
by a change in the steepness of the pipeline characteristic curve. In most
cases the "deformation" of the characteristic curve for the centrifugal
pumps is insignificant and it can be neglected,

From the point of view of the saving of energy expended on the pumping of

petroleum, it is advantageous that the mentioned movements of the working

point not exceed the limits on the zone of high efficiencies of the pumping !
plant characteristic curves.

This requirement is satisfied by the proper choice of the pumps for pumping
petroleum.

In accordance with the norms for technological planning, the computed hour-
ly throughput capacity is assumed equal to

———
uao,'o'“"

[ ol = an(nual)]

The computed viscosity must also correspond to the computed temperature.
The computed temperature is that which the oil flow asaumeé in the pipeline
in the cold season of the year. It is determined by the ground temperature
at the depth of the pipeline and the self-heating of the petroleum flow in
the pipeline as a result of friction.

#5.8. Determination of Number of Petroleum Pumping Stations

Neglecting the value Z&Hl in the head balance equation, we obtain

22
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T
Wieyemil - Az, (5.21)
Using this equation we find the number of stations. The head developed by

one station (Hgy) 18 logically taken corresponding to the computed flow
(using the Q-H characteristic curve).

The number of stations ng is usually a mixed fraction, It is rounded off to
T ———

Co m—

a whole number n. "

ﬁ\Z
how AN

: | N 1l
}

-——.—0a $ B —
Fig. 5.10. Change in characteristic Fig. 5.11. Graph of change in out~
curves of pipeline and pumping station put of pumping statfons with change
with change in viscosity. Note. The in their number. (Qg = Qg = Q
solid curves are for a summer regime greater) (Qy = Qress(er))

and the dashed curves are for a win-

ter regime.

The throughput capacity of a petroleum pipeline with a rounded~off number
of stations will be called the planned throughput.

If ng is rounded off in the greater direction, the planned output Qg (b=
greater) will be greater than the computed level Qp, and vice versa, with

- the rounding off of ng in the lesser direction the planned flow Qqoq4 is

- less than the computed value. This can be seen from formula (5.20) and from
the graph in Fig. 5.11.

The output Qjess OF Qmore In the pumping stations - pipeline system is es-
tablished automatically.

However, the planned output can be left equal to the computed autput. For
this it is necessary that the working point on the integrated curve for the
pipeline and pumping stations be situated on the segment ab (see Fig. 5.11).
With the rounding off of ng in the lesser direction the characteristic
curve for the pipeline must pass through the point a, that is, the head
loss in the pipeline must be decreased by the value 0a = (ng - n)Hge. This
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. can be accomplished by lay:ng a looping (or an insert with a large dia-
met:er) .
A looping with the length x decreases the hydraulic resistance by the value
ix = 1950p% = 1x(1 =a)). Accordingly, the length of the looping ensuring
maintenance of the computed throughput capacity with rounding off of the
number of stations in a lesser direction can be found from the equation

(no—n) Heymt2 (1 =w),
[CT = gta]

It is also possible to use equation (5.21) and the equation
"”gf’ﬂ_‘ [L—C “""N)lu

The result will be the same, that is, we obtain
£l TH=aT -

With the rounding off of ng in the greater direction the head developed by
the stations with the computed discharge Qp will be greater than necessary
~(that 1is, greater than the head loss in the pipeline) by the value H' (see
Fig. 5.11, segment Ob).

The head balance equation with the rounding off of ng in the greater direc-
tion will be as follows: C -

ullg,—E'-lL-} Alo
It 1s obvious that

Vé"("“"o) ”;'l—

where H' is the value by which the head developed by the stations must be
decreased.

The head can be reduced by means of a decrease in the number of pumping
plants or cutting down of the pump wheels.

After a decrease in the number of pumping plants the characteristic curve
of the pumping stations 1is reduced, as a result of which the gap between
the head developed by the pumping stations and the head losses in the pipe-
.line is reduced. :

A final balancing of the heads can be obtained by cutting down the pump
wheels. The diameter of the cut-down wheel can be determined using formula
(5.15).

#5.9. Optimum Parameters of Petroleum Pipeline

Sequence of Technical Computations

2L
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The parameters of a petroleum pipeline, characterizing it from both the
economic and technical points of view, are the pipeline diameter D, pres=-
sure p developed by the pumping stations, number of petroleum pumping sta-
tions and the pipeline wall thickness & (the throughput capacity Q of the
petroleum pipeline is stipulated),

All four parameters are interrelated: a change in one of them leads to a
change in all the others., The greater the diameter of the pipeline or the
Breater the pressure, the fewer is the number of necessary petroleum pump=
ing stations and vice versa, The thickness of the pipeline wall, with the
selected grade of steel, 1s determined by the p and D parameters.

Thus, for pumping a stipulated quantity of petroleum it is possible to pro-
pose a number of variants of the plan, differing with respect to the para-
meters D, p, n and § . The problem involves finding the economically most
advantageous variant,

The capital expenditures K on construction of the mr.in pipeline can be brok=-
en down into two parts: the cost of the petroleum pumping stations Ky and
the cost of the pipeline (pipes, welding, insulation, digging of trenches,
etc.) Kpipe- With an increase in D or p the capital expenditures on a pipe=-
line increase, whereas on the petroleum pumping stations they decrease,
Since Kg¢ and Kpipe change in dependence on D or p in opposite directions,
the functions K = K(D) and K = K(p) have a minimum. The operating expenses
Up change similarly. Accordingly, there is a minimum also for the reduced
expenditures Red = KE + Op.

The values of the pipeline parameters D, p, n and p for which the reduced
expenditures are minimum are optimum. .

The finding of the pipeline parameters from the minimum of the reduced ex-
penditures does not take into account such factors as the short supply of
different materials or equipment, simplicity, convenience and safety of
servicing, requirements of a special nature, etc.

It is obvious that with these indices different variants of the plan for
one and the same pipeline cannot differ significantly from one another.

For solving the problem of the optimum pipeline parameters it is necessary:
1) to write an equation for the reduced expenditures;

2) to express the capital expenditures K and the operational expenditures
Op entering into the reduced expenditures Red in dependence on the para-
neters D, p, n and § , that is, obtain the equation

Red = K(D, p, n, §)E + op(D, p, n-S)
where E 18 the standard coefficient of effectiveness of capital investments;

3) to find the minimum of the function Red. Here it must be taken into ac-
count that the parameters of the petroleum pipeline are related to one

- 25
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nnother, The correlation conditions ara:

premsure balance equation .M ’
A
I 0T v Ty
and the stxength equation : *D--“— e
o=t
where O is the computed stress of metal in the pipes.

The minimum of the Red function is found using the Lagrangé rule. For this
we write the new function _ _ e

[TT= Red] onn“(-"[-_p%'";_”.'..,_.ﬂi.,),

vhere A 18 an indeterminate Lagrange factor.

Then we obtain the partial derivatives of O relative to D, p and n and equate
them to zero.

The joint solution of the equations

"0 )
W = w0

with the correlation equations makes it possible to derive formulas for de-
termining the optimum parameters of the pipeline.

In order to express Red as a function of the petroleum pipeline parameters,
capital expenditures and operational expenditures are represented in the
form of a sum in which each term is related to the different parameters.

For this purpose the capital expenditures on pumping stations are represent-
ed in the form of two terms: in the form of expenditures proportional to
pover and expenditures not dependent on power (power is proportional to pqQ).
The capital expenditures on the linear part of the pipeline are expressed
as expenditures proportional to the diameter of the pipeline and proportion-
allzto the mass of the pipes (the mass of the pipes 1s linearly dependent on
PD )o

The operational expenditures relating to pumping stations consist of expend-
itures proportional to power and not dependent on power, and also alloca-
tions for amortization and current repair. The allocations for amortization
and current repair can be regarded as the operational expenditures for the
linear part of the pipeline.

The expenditures not dependent on the pipeline parameters can be neglected.

= If any of the parameters are stipulated, that is, are known in advance, the
problem 18 solved in the same way with the single difference that it is nmot
necessary to take the first derivative for this parameter.
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In preparing a list of expenditures or in clarifying the technical-econom-
ic indices necessary for determining the capital expenditures and operating
costs there will inevitably be errors which can exert an influence on the
numerical values of the sought-for parameters, In addition, the considered
method for determining the optimum parameters does not take into account
many circumstances dependent on planning and construction conditions. It is
therafore not surprising 1f tha optimum parameters, computed by this meth-
od, in some cases will be far from reality. Accordingly, the optimum pres-
sute can be lower than that which is developed by the pumps produced by fac-
tories and the optimum thickness of the pipeline wall will be leas than the
1imiting admissible thickness.

But this doea not mean that the analytical method for determining the op-
timum parameters of a pipeline is useless. It makes it possible to trace
both the interrelationship between the parameters and the influence exerted
on them by pumping conditions. An investigation of the equations determining
the optimum parameters of a pipeline made it possible to draw a number of
important conclusions. The most important of them are:

1) with an increase in the pipeline throughput capacity the optimum pres-
sure developed by the pumping stations decreases, the number of stations
increases and the optimum diameter of the pipeline increases;

2) with increase in the computed stress of the pipe material there is an
increase in the optimum pressure and a decrease in the optimum number of
pumping stations;

3) with an increase in the viscosity of the pumped petroleum there is a
decrease in the pressure which the pumping stations must develop and the
number of stations and the diameter of the pipeline increase;

4) with an i{ncrease in pressure there is a decrease in the diameter of the
pipeline and the number of pumping stations and also an increase in the
thickness of the pipeline wall;

5) with an increase in the pipeline diameter the relative thickness of

the wall, pressure and number of stations decrease.

Usually the optimum parameters of the pipeline are determined by a compar-
ison of variants.

The sequence of technological computations can be as follows:

1) approximate determination of pipeline diameter from the table given

in #5.1;

2) selection of the three clonest diameters from the State Standard;

3) selection of the pumps for the pumping (delivery) of petroleum. Then,

in accordance with the pressure recommended in this same table, the num-

ber of working plants (usually three or two) is determined and the pumping
station characteristic curve 18 constructed, This characteristic curve is used
used in finding the head Hg. developed by the station for the computed flow
and then the computed pressure is determined:

p(llat + A H)y;
[CT = 8t])
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4) determining the wall thickness and the interior diameter of the pipe-
line from the ascertained p and D values for all three variants;
5) determination of the Reynolds number, the hydraulic resistance coef-
ficient, hydraulic slope, pass point (computed length L) and the corres-
ponding difference in the geodetic readings Az, and finally, the total
head loss

H=iL+ Az

6) determination of the number of petroleum pumping stations;

7) computation of capital expenditures and operating costs using consolidat-
ed technical-economic indices;

8) comparison of variants with respect t» reduced expenditures and selec~
tion of the economically most advantageous of them;

9) determination, for the selected variant, of the planned delivery (if

it 18 not assumed equal to the computed value) and the correaponding head
developed by the pumping stations;
10) siting of the stations on the route profile.

AAR
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#5.10, Positioning of Petroleum Pumping Stations

The siting method was proposed by V. G, Shukhov for pipelines with piston
petroleum pumping stations. The siting 1is accomplished graphically on the
route profile,

The head Hyy developed by the station 1s plotted along the vertical from
the initial point on the route where the head station must be situated

at the scale of profile elevations., After this, the hydraulic slope line

is drawn from the end of the determined segment., The point of its intersec-
tion with the route profile is the site for positioning of the second sta-
tion. The head developed by the station is again plotted from this point,
the hydraulic slope 1ine is again drawn, etc. The hydraulic slope line
running from the last station must run to the pass point (or final point)
on the route,

The siting of the petroleum pumping stations, accomplished by the described
method, must not always be regarded as strictly obligatory. The siting of
stations can vary in certain 1limits.

Assume that the theoretical number of stations ng, determined by computa-
tions, is rounded off in the greater direction. Then the site, for example,
of the second station (Fig. 5.12) can be shifted to the right, that is,
forward, by the distance at which the head Hge attains the admissible val-
ue Hag, With movement of the station to the left there i1s a decrease in
the head developed by the preceding station. Since the total head develop=-
ed by all the stations should vemain constant, at least one of the remain-
ing stations must operate with an increased head.

The position of the station at which it and all the subsequent stations are
forced to develop the limiting admissible head Hpq determines the limit to
which it can be moved to the left. As already mentioned, the limit to the
right is determined by the admissible head H_ , at the preceding station.

In Fig. 5.12 these limits are denoted by the points a and b. The sector of
the route between these points is called the zone of possible siting of a
petroleum pumping station.

When the number of stations is rounded off in the lesser direction, and ac-
cordingly, computations call for the laying of a looping, from the end of
the vertical segment Hg, two hydraulic slope lines are drawn (Fig. 5.13):
for the main line { and the looping 11oop. The length of the segment iloop
corresponds to the length of the looping x obtained by computations. We
drav a second line 1 from the end of the segment 1i00p+ The points of in-
tersection of the hydraulic slope lines with the profile (a and b) deter-
mine the zone of the possible siting of the next station. A station can be
put in any place between these points.

Assume that the point ¢ 18 a convenient site for the second station. From
this point we draw the hydraulic slope line of the looping to the intersec-
tion with the hydraulic slope line for the main line. The projection of the

29
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7

FOR OFFICIAL USE ONLY

resulting segment cd onto the horizontal will be equal to the length of
the looping x; used on the segment (run) batween the first and the second
stations, Then from the point c we plot the head My, and then again draw
the 1ines 14,4, and 1; the length of the segment 1loop here corresponds to
the not further used length of the looping x - x1. The lines 1 emanating
from the ends of the segment 1j,5p intersect with the profile at the new
points a and b (not shown in Fig, 5.13), A new point c can be selected be-
tween these points -- the site for the third station. Subsequent construc-
tions are made in the same way. B e e

Fig. 5.12. Determination of limits Fig. 5.13, Positioning of petroleum
of zone of possible positioning of pumping stations with rounding off
petroleum punping stations with of their number in the lesser direc-
rounding off of their number in tion.

the greater direction.

There can be cases when in the zone of possible positioning there is no
site convenient for the siting of a petroleum pumping station. The siting
of a station outside the zone of possible positioning (points e or f in
Fig. 5.14) leads to the necessity for laying an additional looping x~ and
at the same time to the underloading (work with incomplete head) of at
least one of the stations.

Loopings on the lines between statiuns can be laid where it is advantageous
to do so. The effect from a looping (decrease in hydraulic resistance of
the pipeline) run at the beginning, at the middle or at the end of the seg-
ment is one and the same. However, in order to decrease the stresses aris-
ing in the pipeline from the petroleum pressure it is desirable that the
loopings be laid at the end of the segments. But in some cases the decrease
in the load on the pipeline can be achieved by the laying of a looping in
the middle of the segment (Fig, 5.15). In the neighborhood of point A it

is desirable to lay a looping and not construct a station there since in
this case the pressure in the lowered segment of the route will be consider-
ably less.

The following conclusion can be drawn: with siting of the petroleum pumping
stations, regardless of the type of pumps (piston or centrifugal) it is

necessary to "press' the hydraulic slope line to the profile. This reduces
the stresses in the pipeline.
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Fig. 5.14, Siting of station outside Fig. 5.15. Laying of looping in
zone of possible positioning. nmiddle of segment.

When using the principle described above, by which is found the site for
positioning of the petroleum pumping stations, the type of pump is not
taken into account. However, the siting of stations with centrifugal
pumps has peculiarities caused by the following:

1) mainline centrifugal pumps can normally operate only with a backup,
that is, only when the suction pipe is under pressure. The backup before
the station must not be less than the minimum admissible value A h, since
otherwise the operation of the pumping station will be accompanied by cav-
itation;

2) the backup consists of the head Hge developed by the pumping station.
Their sum (head on the force side of the station) must not exceed the ad-
missible value Hyq determined by the strength of the pump and the pipeline.

For stations with centrifugal pumps the limits of the zone of possible
positioning are not determined by the points of intersection of the hydraulic
slope lines with the profile but by the admissible backup values, The right
limit is determined by the minimum backup AHad, whereas the left limit is
the maximum backup AHgg = Haq - Hg, (Pig. 5.16).

The zone of possible positioning of the centrifugal station also exists in
a case when there 1s no looping (see Fig, 5.16, right part).

Now we will examine a case when any station must be sited outside the zone
of possible positioning (coincidence with a populated place, more favorable
geological-sofl characteristics of the terrain, closeness to sources of el-
ectric power, water, etc.),

Assume that this station has the number c + 1. The extent of the pipeline

segment from the head station to the considered station is denoted ﬂ,c+1.

The length of the segment from the station ¢ + 1 to the end of the pipeline
will be equal to L - o+l

)1
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Fig, 5.16. Limits of zones of possible positioning of stations equipped
with centrifugal pumps.

We will place the station ¢ + 1 beyond the right boundary of the zone of
possible siting. Then the backup before this station ANy will be less
than A H 4. In order to ensure cavitation-free operation of the station

c +1 it gs necessary to raise the backup AHq41 to AHpgq. This can be done
by laying the looping in the segment between the stations ¢ and ¢ + 1 or at
any other desirable site in the segment fc4+1. Its length x™ can be found
from the following head balance equation for the segment f{¢ 4 1!

Ally+eHepmt [y —2 (1 —q)-’-.o (1= %))+ Asgay +Aly,

[CT = st(ation); M = ad(missible)] where x is the length of the looping
obtained from hydraulic computations with rounding off of the number of
stations nQ in the lesser direction; ¢ is the number of stations situated
in the segment ) q41.

The need for laying the looping x* does not follow from hydraulic computa-
tions of the pipeline. Therefore, after laying the looping x  the head bal-
ance which is common for the entire pipeline will be impaired. In order to
restore this baiance in the segment L = }.4; it 1s necessary to reduce the
head developed by the stations.

The H' value by which the head developed by the stations in the segment

L - L.41 must be decreased is determined from the following head balance
equation: Al (nme) Hep— ' mi (L= Lgog) + Ay

[cT = st(ation); Ik = ad(missible)]

A decrease in the head by H' can be achieved by a decrease in the number
of pumping plants (if H' is greater than or equal to the head developed

by one pump) and by cutting down the pump wheels. The diameter of the cut-

down wheel can be determined using formula (5.15). The head H  entering
into this formula is found from the obvious equality

kHyge—H' = kH®,

(HAC = pump]

where k 18 the number of pumps whose wheels it is proposed be cut down;
“pump is the head developed by a pump whose wheel has not been cut down.

32
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7

- FOR OFFICIAL USE ONLY

From the hydraulic point of view it makes no diffarence whether the de-
crease in head occurs at one (and specificially which) or at saveral sta-
tions, It is desirable to do this, that is, use pumps with cut-down wheels
or decrease the number of pumps at those stations where the propulsion head
is high.

Now we will site the station ¢ + 1 without going as far as the left boun-
dary of the zone of possible positioning, We will assume that the problem
of positioning of all ¢ + 1 stations in the segment Qc+1 is already solv-
ed and the operating regimes of the pumping plants up to station ¢ have
been determined.

In order for the propulsion head at the station ¢ + 1 not exceed the admis-
sible value Hpq 1t 1s evidently necessary to decrease the head developed
either by the station ¢ + 1 or by the station c¢ (decrease in the number of
pumps, cutting down of wheels). In the latter case there is a decrease in
the backup before the station ¢ + 1 and accordingly there is a decrease in
the head on the propulsion side of this station.

A decrease in the head H' is determined from the head balance equation for
the segment between stations c and ¢ + 1:

[c = prop] " He—H' =l + At+Blpy

where Horop 18 the head on the propulsion side of the station (is determin-
ed by preceding computations); AHag 18 the maximum admissible backing.

The sense of this equation is as follows: in order that the backup before
the station c + 1 not exceed AHgq at station c it is necessary to reduce
the head by the value H',

If the decrease in head 1s accomplished at the station ¢ + 1, the head bal-
ance equation for determining H' {s logically written in the following

form: © Hemil4-As+Hy—(Her—H')s

[c = prop; R = ad; CT = st]

where Haq - (Hgt - H') 1s the backup before the station c + 1; Hgy 18 the
head developed by the station without a decrease in the number of working
pumps and without cutting down the wheels.

It is easy to see that this equation is identical to the preceding one.
With a decrease in head at the station ¢ + 1 the segment between stations
c and ¢ + 1 will obviously be under a greater pressure. Therefore, from
the point of view of a stressed state of the pipeline the decrease in head
at station c is more desirable than at station ¢ + 1.

If provision is made for the laying of an "insert" of a lesser diameter

in the segment between stations ¢ and ¢ + 1, its length x4, can be deter-
mined from the equation
33
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Horop = L0 L= xin(1 -SN] + Az +Hpg - Hgee

A decrease in head or an increase in hydraulic resistance in the segment

_ Qc+1, as in the already considered case of going beyond the right boun-
dary of the zone of possible positioning, impairs the head balance common
for the entire pipeline. For compensating this impairment it will be neces-
sary to decrease the hydraulic resistance of the segment L - Le+1. For de-
termining the length of the looping x* ensuring such a decrease in hydraul-
jc resistance we can use the following hiead balance equation for the seg-

ment L - } e e
e+l Hat (n=c=1) Heymm$ [(L-=lea)) =2 (1~ w)—2* (1—=0*)]+ A5y

where x is the length of the looping obtained in hydraulic computations
due to rounding off of the number of stations in the lesser direction and
falling in the segment L = lo43.

#5.11. Change in Backups Before Stations With Change in Viscosity of Pumped
Petroleum

The backup before the pumping station c + 1 is determined from the head bal-
ance equation for the segment § .41 (between the first and the c + lst sta-

tions): : e e [
AHy4-c (d—-bo"m) -[Q"m"q + Asesy+AHen

Taking into account that from the head balance equation for the entire pipe-

line e e e
0™ Ally 4+ na—As

nb+gL

we obtain . 1
e SH
AH = AHy+c8—Asesy —(AHy+no—83) =" .

: b+ 5

In this equation only R

’ﬂb D..qu ]
is dependent on viscosity.
Thus, a change in the backup AHc+1 with a change in viscosity is determin-
ed by the value

b flle.y/e)

b4 f(L/u) "

where L c+1/c is the mean distance between the petroleum pumping stations
in the segment Qc41, and L/n is the mean distance between the pumping sta-
tions for the entire pipeline. '

1f ﬁc.,.l/c >L/n, with an increase in petroleum viscosity the fraction
btllleale)
o J(L/n)

increases and therefore the backup AHg4) decreases.
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I'ig. 5.17. Change in backups before stations with a change in viscosity of
punped petroleum,.

For the case Qc...l/c <L/n, on the other hand, with an increase in petroleum
viscosity the backup before station ¢ + 1 increases.

Finally, if Q,c+1/c = L/n, a change in petroleum viscosity exerts no influ-
ence on the magnitude of the backup, since with any f value in this case
o
Ll

' bR

The change in backups before stations with a change in viscosity is illus-
trated in Fig., 5.17.

The vertical dashed lines on the route profile cut off identical distances
L/n (in the figure L/3): L is the computed length of the petroleum pipeline.

The solid and dashed hxdtaulic slope lines i and 1i* correspond to the vis-
cosities Vand v*; V">V, The segments aA; = AjA2 = A2A3 and aAI -

AIA; - A;Ag represent the heads Hyy and Hst*developed by the pumping sta-
tions with petroleum viscosities ¥ and - "; the segment la is the backup
before the first station AHj.

We will use the point 1 as the origin of coorginates. Then the hydraulic
slope lines emanating from the points A and A™ will be described by the
equations

HumAHy+eHer— 1l and H'=AH;4 cHa—i%,

where p, is the distance from the initial point on the route 1; H and u*
are the ordinates corresponding to .
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At the points of intersection of the mentioned linea H = H*, that is

cll"—unc}lc.f—l'l.
[CT = st] Taking into account that

YT A
o o Al hHEr—bs
= "'LT'—O

it is easy to confirm that the hydraulic slope lines with the viscosities
¥ and V' intersect at the distances '

and

3—:—"‘0
where ¢ 18 a whole number, that is, ¢ = 1, 2, 3, etc.

If the third station is situated at the point b, over which the lines i
and 1% intersect, that is, at a distance which is a multiple of L/n,
with any increase or decrease in petroleum viscosity the backup would re-
main unchanged (condition c+1/c = L/n).

However, this station was siiuated beyond the point of intersection of
the hydraulic slopes i and 1" and for it

1 L
iy

Therefore, the backup before the third station with an increase in viscos-
ity is reduced (see Fig. 5.17). The second petroleum pumping station ig
situated to the left of the point of intersection of the 1lines 1 and 1",

For it

. Ce e

oy L
- <%’

Therefore, the backup before it with the viscosity v* 1s greater than with
the viscosity V. .

A change in the backups with a change in petroleum viscosity must be taken
into account when siting petroleum pumping stations: the 1imits of the
zones of their possible positioning are dependent on viscosity. If the
nature of the profile is such that £ 41>c (L/n), the right limit of

the zone of possible positioning of the station ¢ + 1 will be determined
by the point of intersection of the hydraulic slope line 1* with a maximum
viscosity of the petroleum V= with the 1ine drawn equidistantly to the
profile at the height which is equal to the minimum admissible backup A Had.
In Fig. 5.17 the third station has been placed incorrectly: the right lim=-
it of its zone of possible positioning must be at the point c, where the
distance from the profile to the hydraulic slope 1ine is equal to A Hgq4.

36
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7

FOR OFFICIAL USE ONLY

The second station in Fig. 5.17 can be situated at a distance Ly < /3.
Therefore, the right limit of the zone of its possible positioning is
determined by the hydraulic slope line i with the minimum viscosity V.

The left limit of the zone of possible positioning of the station c + 1,
where the backup has the greatest value, must be determined from this
same hydraulic slope line (1 or i*), which passes above.

#5.12, Planning of a Petroleum Pipeline with a Stipulated Positioning of
Pumping Stations. Planning of "Short" Pipelines

It is advantageous to place petroleum pumping stations at places situated
close to villages, railroads and highways, to sources of electricity sup-
Ply and water supply. Favorable topogeological characteristics of the
areas around petroleum pumping stations are of great importance. In addi-
tion, the areas should be situated in such a way that the propulsion pres-
sure at the stations will be identical as possible,

With the placement of stations by the Shukhov plan there is always a guar-
anteed satisfaction of only the last of these requirements, The selection
of sites around petroleum pumping stations free of restrictions, dictated
by the Shukhov method (zones of possible positioning) sometimes most reas-
onably makes possible satisfaction of the mentioned requirements.

Assume that all the computations up to the choice of the optimum variant
have been made, the number of stations has been rounded off in the greater

direction and the sites of the pPetroleum pumping stations have been select-
ed.

Then it is necessary to ensure that the heads on the propulsion and suction
sides of the stations will not exceed the limits of the admissible values.

The sequence of the computations can be as follows.

We will begin with the first segment (head station and the segment adja-
cent to it),

1. Using the Q-H characteristic curves we find the heads developed by the
backup AH and main Hg¢ stations. Adding them, we obtain the head on the
propulsion side of the station (propulsion head HEIOP):

AHG HeymHy.
[CT = station; H = prop (ulsion)]
2. Using the head balance equation for the segment we find the backup A H

before the second station. Taking into account the losses in the station
connecting lines this equation will be as follows:

Horop = #+Asther+AH,
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where § and Az are the length and difference in elevations of the end
and beginning of the line segment between stations (found from the route
profile); hy 1s the head loss in the station connecting lines.

Computations for subsequent segments ara similar: we will determine the
propulsion head Hyrop and then the backup AH before the next station.

1f at any station the head Hypop 18 higher than the admissible level, in
order to reduce 1t to H,q it is possible to use the measures mentioned

- above: a decrease in the number of working pumps, cutting down the pump
wheels (interchangeable rotors), and also throttling.

The first method is the most economical., With the second method there is
some reduction in pump efficiency (a cutting down of the wheels by not
more than 102 is admissible). Throttling, that 1s, an artificial increase
in hydraulic resistance, involves an expenditure of energy and therefore
it must be used only when it 1s the only possible means for reducing
heado

It must be remembered that a decrease in propulsion head inevitably causes
a decrease in the backup before the next station. If the backup is above
the admissible level, in order to increase it to AH,q in the considered
segment it 1s necessary to lay a looping (large-diameter insert). Its nec-
essary length x* 1s determined from the equation

Bywmfflo=ze (l—u)]+As'+h:,’+AR;.
[ = ad; CT = st]

Computations of the heads H,,.,, and AH at stations can also be made in a
different way, beginning with the last segment.

1. We will determine the head Hpro which much exist on the propulsion side
of the last station (required head) using the formula

Hypop = 11 + Az 4+ 0y,

where h.; is the head loss in the connecting lines at the final pipeline
station ](including the level height in the receiving tank).

If there is a pass point, it must be considered the final point. In this
case the required head at the last station is

H|-“+Al-
[H = prop]
2, Using the Q-H characteristic curve we find the head Hgy and then we
find what backup should exist before the last station:

AH = Hy—Hes.
[H = prop; CT = st] e
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3, We will determine the required head at the next-to-the-last station
using the formula
Hyne 114 At 4 hor - AM,

(M = prop; CT = st]
Then we find the backup before this station, etc.

If it appears for any segment that HyropA Hyg ot AHS AHyy, the measures
used for decreasing Hypop OF for increasing AMHagq are the same as con-
sidered above.

The construction of irtegrated Q-H characteristic curves and also the hy=-
draulic slope lines, when the positioning of the stations is stipulated,
evidently loses independent importance, They must be constructed only for
checking the correctness of the computations.

For the segments where the propulsion pressures differ considerably from
the computed level it is necessary to refine (again determine) the thick-
ness of the pipeline wall. Then the problem of "breakdown" of the pipes
i8 solved.

Petroleum pipelines with one or two petroleum pumping stations will be
called short,

For computing such pipelines there is no need for performing all the oper-
ations indicated in #5,9. The computations are reduced to a determination

of the diameter of the pipeline with two values of the number of stations

(n =1 and n = 2) and to the selection of the most advantageous variant.

First we will find the computed length of the pipeline and the Az value.
For this (Fig. 5.18) from the initial point of the route we lay out the
backup AH) and twice the head Hge and we draw the lines 1§ and 17 (with
another route profile there can be two pass points ~- for the lines i; and
12 or there may be no pass point).

Then from the head balance equation ~
!-ﬂvl
AII,+nlI“=ﬂ—o-51.—,r: L4as
we find the values of the pipeline diameters Di and Dy withn=1and n =
2, Then, adopting Dj and D, from the State Standard, we determine the cap-
ital expenditures for both variants and select the best of them.

The head Hg, is determined from the Q-H characteristic curve, first select-
ing the make and number of pumps operating at the station.

The positioning of the second station (with n = 2) can be found by the usual
Shukhov method. However, if the site for the second station is stipulated,
as before the computations must be ended by determining the propulsion heads
at both stations and the backup before the second station.
39
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45,13, Increase in Throughput Capacity »~f Petroleum Pipeline

An increase in the need for petroleum products in the considered economic
region, caused by the peculiarities of its development, leads to an in=-
crease in the capacity of the petroleum refinery (refineries) servicing the
reglon and the means for delivering the refined petroleum products to con-
sumers,

- An increase in the capacity of the plant in turn involves a need for in-
creasing the handling capacity of the transportation facilities deliver-
ing petroleum from the fields to the petroleum refinery.

Thus, the problem arises of increasing the throughput capacity of an exist-
ing petroleum pipeline.

4
::’ %: 5 Hee
Hem | A S Y14
- sr ) AN ¢ e
L o Fig. 5.19. Increase in throughput cap-

acity of petroleun pipeline with pis-
ton pumps: 1) characteristic curve of
Fig. 5.18. Diagram explaining comput- pumping station; 2) characteristic
ation of short petroleum pipeline. curve of pumping station after in-
creasing number of pumping plants;

3) characteristic .curve of pipeline
(run between stations); 4) character~
istic curve of pipeline after doubling
number of stations or after laying
looping.

Frequentiy in the planning process the condition is imposed that the through-
put capacity of the pipeline must be increased gradually and attain the maxi-
mum value only by a definite time. The diameter of such a pipeline is select-
ed corresponding to the maximum throughput capacity. Petroleum pumping sta-
tions are constructed and put into operation as required.

An increase in the petroleum pipeline throughput capacity from Q to Q* can
be achieved by a change in the characteristic curve for the pipeline or
pumping stations for which the working point on the integrated character-
istic curve is moved to the right,

The ratio Q*

ey N
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18 called the coefficient of increase in throughput capacity.

The problem is solved most simply in the case of a very great steepness of
the characteristic curves of the pumping stations (vertical line for pis-
ton pumps), In this case an increase in the throughput capacity 1s accom-
plished by installing at each station additional pumping plants which are
connected in parallel, and if at each station there were k working pumps,
and 1if after the inmtallation of the additional pumps there were k", the
coefficient of increase in throughput capacity (under the condition that
the pumps are identical) is e

Aem

An increase in flow after the additional pumps are put into operation leads
to an increase in head loss. The working point on the integrated charac-
teristic curve Q-H 18 moved not only to the right, but also upward (Fig.
5.19). In this case the head H: which the stations will develop may be
above that which is admissible ?rom strength conditions,

The head Hgt can be decreased by the following methods:

by the construction of additional stations on the runs between existing
stations (doubling the number of stations). In this case a decrease in
the head occurs due to a decrease in the lengths of the runs serviced by
the stations;

by laying additional loopings.

Now we will examine these methods. The heads Hgt developed by the stations
before and after the increase in the throughput capacity will be considered
identical.

Doubling of Number of Stations

defore an increase in throughput capacity
AHeem QYL 4 As.

After doubling the number of stations and installing additional pumping
plants ensuring an increase in flow we obtain

:RE:"‘ ’Q. ('-M)L+&.'
Dividing the second equation by the first, we obtain

( zﬂ”gf-—bl ).l_l-;‘
xa .

Rifep—

(5.22)
Formula (5.22) shows that for pipelines running uphill (with A 22>0) the

X coefficient 1s greater than for "horizontal" or (even moreso) for pipe-
lines for which A z<o0.

The A z value 1s frequently neglected. Then

L1
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1
o

(5.23)

Accordingly, 1f 1t is necessary to incIeaae the throughput by a factor of
22-—|‘n'

(in the case of a turbulent regime in the zone of operation of the Blasius

law 1
2 7°m = 1,485),

then it is desirable to double the number of stations. In this case the pres-
sure developed by the stations does not change.

Laying of Additional Loopings
1
This method i8 effective when X< 2 Z-m ,

N
u‘~

~ ~ '] . y

\\} 3" J

/

\? ~t

: /
] !
v

¢ @ a ce ¢

Fig. 5.20. Increase in throughput capacity of petroleum pipeline with centrif-
ugal pumps: a) after doubling number of stations; b) after laying loopings;

1) characteristic curve of pumping station; 2) characteristic curve of pump-
ing stations after doubling number of stations; 3) characteristic curve of
pipeline; 4) characteristic curve of pipeline after laying looping

The length of the looping x ensuring retention of the former pressure after
installing additional pumping plants at the stations is determined from the
equations )

 AHem Q"L +As
and )

AHemfQ® O™ (L—z(1—o0)] +Bs
[CT = st] Hence

L f_H
il T G T (5.24)
If it is necessary to increase the throughput capacity by a factor greater
than 1
2 2-m

the doubling of the number of stations can be supplemented by the laying of
loopings (combined method). ’n this case the necessary length of the loop~
ing (without taking A z intc account) is
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Finally, the problem of doubling the number of stations or the laying of a
looping 18 solved by an economic comparison. Whereas on a petroleum pipe-
line with piston pumps a doubling of the number of stations and the laying
of loopings serve for reducing the head developed by the pumping stations,
on pipelines with centrifugal pumps a doubling of the number of stations
and the laying of loopings serve as a means for increasing their throughput
capacity, It is easy to confirm this by comparing the graphs in Figures
5,19 and 5,20, a, b. The first of these requires no clarification, The sec-
ond gives a determination of the throughput capacity of a pipeline with
centrifugal pumps after doubling the number of stations (see Fig. 5.20, a)
and after the laying of loopings (see Fig. 5.20,b). It can be seen from
these graphs that an increase in throughput capacity can also be accomplish~-
ed without the installation of additional pumps connected in parallel. The
latter are necessary in those cases when after an increase in throughput
capacity the working point on the Q-H characteristic curve goes beyond the
limits of the working zone (having a sufficiently high efficiency).

With a doubling of the number of stations we obtain a fixed value of the
coefficient of increase in throughput capacity. With an increase in the
throughput capacity by the laying of a looping the coefficient X can have
different values in dependence on the length and diameter of the looping.

The combined method also makes it possible to ensure a set of X values
(due to the looping).

Since the characteristic curves for the pumping stations are "dropping off"
curves, the head developed by the stations, after increasing the throughput
capacity, decreases, Therefore, with a doubling of the number of stations
outfitted with centrifugal pumps the coefficient of increase in throughput
capacity will be less than determined by formula (5.22) or (5.23). The
length of the looping for this same reason will be greater than the length
determined using formula (5.24),

We will examine what increase in the throughput capacity will be given by
a doubling of the number of stations and what the length of the looping
should be for obtaining a stipulated X value,

Doubling of Number of Stations

From the head balance equations before and after doubling the number of

stations —— e - PR
AH;+n(a—bQ*™) =1Q V"L +As
and
AHy+2n (a—5Q¥™) =1Q° 3™ L 4-As
we have
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Ay na=eAs " °
Qe =

und _“m)Am+up4y
Q =—JLFn

Dividing the second equation by the first, we derive a formula showing that
for centrifugal pumping stations, the same as for piston pumping stations,
the coefficient of increase in throughput capaeity is the greater the great-

er is the A z value: (AH, 4 2na) (,L+”b)_A, (,T.;.‘;S)

= @+ na) (T+2n0)— As (/L + nb)— Asnd

For those cases when the A z and A Hy values can be neglected,
. L+nd
=2 T b (5.25)
It follows from this formula that:

1) with centrifugal pumps the coefficlent of increase in throughput capacity
is less than 1
27-_15’

that is, is less than for piston pumps (as was mentioned above);

2) the steeper is the pipeline characteristic curve (the greater the fL val-
ue), the greater is the effectiveness in doubling the number of stations;

3) the )C value decreases with an increase in nb, that is, with an increase
in the steepness of the total characteristic curve of the pumping stations.

Laying of Loopings

Solving jointly the equations
m+n(a-bo""')=/o"*"L+A=

and o
M4 (._ Q* """’)=10' 1 {L—-z(1—w)]+ asy

we obtain a formula for determining the length of a looping necessary for
increasing the throughput capacity by a factor of )L:

Formula (5.26) shows that the necessary length of the looping is not depend-
ent on Az (the same as is true of piston pumps); with one and the same coef-
ficient of increase in throughput capacity for petroleum pipelines with cen=-
trifugal pumps it is necessary to have a greater length of the looping than
for petroleum pipelines equipped with piston pumps; the effectiveness of
laying of the looping is increased with an increase in the steepness of the
pipeline characteristic curve and with a decrease in the steepness of the
characteristic curve for the pumps.

If we substitute into formula (5.26) the X value determined by formula
(5.25) we obtain L =
'--2_.(]—-0) °

b
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Thisn (s the length of a looping giving the same effect as a doubiing of
the number of stations,

Adopting x = L in formula (5.26), we find the maximum value of the coef-
ficlent of increase in throughput capacity possible when laying a looping:

1

e
L) _—'%r o
»+-ﬂ;-

If measures are taken at stations for maintaining the former pressure (in-
stallation of additional plants, replacement of existing ones by others),

then formulas (5.25) and (5.26) are transformed into the formulas derived

above (5.23) and (5.24).

The siting of additional petroleum pumping stations (with centrifugal pumps)
1s determined as before: from the initial point of the route we plot the
backup AH] and the head Hg, developed by the main pumps of the station
with the flow Q*; then the ﬁydraulic slope line i™ corresponding to the
flow Q* is drawn and the site for an additional station is selected. The

t necessary (that is, not exceeding the admisaible 1limits) backup before
the additional station is always ensured if the station site 1s located in
the "zone of possible location." The backup before the next station, that
is, before an existing station in the first plan, by no means always will
remain in the necessary limits (it may be both excessively great and ex-
cessively small),

Now we will consider how it is possible to determine the backups before sta-
tions in the first plan and how it is possible to keep them within the
framework of the admissible values. .

We will write equations for the lines of hydraulic slopes for the segment
L c+1 before an increase in capacity and after a doubling of the number of
stations: ) o - e

He AR+ cHeg—il and HewAH, 4 2cHer—i%1.

[CT = st(ation)])

Here H and H* are the ordinates; ﬁ—is the abscissa. The origin of coordin-
ates 1s at the point of siting of the head station.

When 1 = "c+1 H* - H represents the additional backup § H.43 carried
to station ¢ + 1 from the preceding additional station:

OHesy=¢ (2”:7—’1cr)'-'(“’;‘)“0‘1-
Since

c o T AHy+nHes—ABs
L) -SRI

b5
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the Jﬂcﬂ value can be represented in the following form:
L 'Y L 1 . ‘
BHerym e (2HEr = Her) (T..._e;.x.) ‘

This formula makes it possible to draw the conclusions:

1) if station ¢ + 1 is situated at a distance b4 less than ¢ (L/n) (from
the initial point on the route), then SHC 1”0, that is, the backup before
station ¢ + 1 increases after an increase in the throughput capacity,

AHeyy == AH o +0Hani
2) if o o L
° “ . e o m— e
then Men <0 and _AH:M <& AHent
3) with de e 2 gty 50,

In the latter case the backup before station ¢ + 1 does not change.

The change in the operating regime of atations in the first plan after the
construction of additional stations is shown in Fig. 5.21.

The lines of hydraulic slope i emanating from stations in the second plan,
A, B and C, intersect at points lying on the all line. These points divide
the route into equal segments with the length L/n (in Fig. 5.21 L/3). The
distance of station 2 from the initial point on the route Ly <L/3; there-
fore, after stations A, B and C are put into operation, the backup in

front of station 2 increased by §H2, This led to an increase in head at
the station. The third station was situated at the distance £3> 2L/3 and
therefore the backup before it was decreased (§H3 < 0). If station 3 was
situated at point D, distant from the beginning of the pipeline by the dis-
tance 2L/3, the backup in front of it would not change.

Fig. 5.21. Operating regime of pipeline Fig. 5.22. Diagram explaining
after construction of second-plan sta- doubling of number of stations.
- tions.
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If after doubling the number of stations the head at station 2 is great-
ur than the admissible level Hyq (due to the strength condition) or the
head before station 3 is less tgan z&ﬂad (cavitation), the throughput cap-
acity of the segment 12 will be greater than the throughput capacity of
the segment 1imited by stations 2 and 3.

Figure 5.22 shows that for evening out the throughput capacities in these
segments at the additional station A there was a decrease in the number of
pumps and on the line between stations B and 3 there was a looping with the
length x which compensates the decrease in head developed by station A and
ensures an increase in the backup in front of station 3 to the former level
AH3. In order to pump petroleum from station B to the pass point 7C it is
necessary to have a head somewhat less than Hge (the run between station 3
and the point T is less than L/3)., The excess head can be eliminated by
cutting down the wheels of the pumps installed at station B, As before, the
degree to which the wheels 18 modified is determined, as before, using for-
mula (5.15), in which the head H* can be found using the head balance equa-
tion or by a construction on the profile, as 1s shown in Fig. 5.22,

#5.14. Petroleum Pipelines with Withdrawals and Additions of Petroleum
Along Line

In many cases for supplying consumers located along a route there is a with-
drawal of the pumped petroleum from the petroleum pipeline. The withdrawals
can be continuous and pariodic. Continuous withdrawal can be organized, for
example, for supplying petroleum to a petroleum refinery located near the
route of the petroleum pipeline. Periodic withdrawals are into auxiliary
pipelines (supplementing the reserves at near-lying petroleum bases).

If at any place a petroleum pipeline passes close to a producing region,

petroleum can be pumped into the passing line. The petroleum produced in

these fields is carried in the same main petroleum pipeline. Depending on
the productivity of the deposit the delivery can be either continuous or

periodic.

The technological computations for a pipeline with continuous withdrawals
or with continuous additions of petroleum can be made for the segments
limited by the points of withdrawal or addition. '

In the case of insignificant withdrawals or additions the pipeline is de-
signed without taking them into account. However, it must be remembered
that in the case of periodic withdrawals (additions) the technological
pumping regime changes: this usually leads to a necessity for regulating
the operation of pumping stations.

Now we will examine the operating regime of a pipeline with periodic with-
drawals and additions.

The pipeline segment from the initial point to the point of withdrawal (ad-
dition) will be called the left segment and the segment from the withdrawal
(addition) point to the final or pass point will be called the right seg-
ment. 47
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In the case of a withdrawal the flow for the left segment will increase,
whereas for the right segment it will decrease, The backups before all in-
termediate stations will be reduced.

This 1s confirmed by the following considerations. Assume that the point of
withdrawal is situated at the distance [ .41 from the initial point on the
route, that is, near the station ¢ + 1. From the head balance equations:

For the left part of the petroleum pipeline
A, 4 e(0mb0” A 1110 A - Aty + A (5.27)

and the right part of the pipeline

Al +(n—0) la=b (Q* — g™ = f (L—leut) (Q® =)™+ Aty
where q is the withdrawal, a® 1s an index denoting "with withdrawal"; it is
easy to derive the expression

(eb -t leny) Q° O™ 1 1(n =) b1 (L—lea)} (@ = @)~ AHy o+ na—At, (5.28)

which shows that with an increase in withdrawal there is an increase in flow
for the left part of the pipeline.

From equation (5.27) and the head balance equation for pumping without with-
drawal

Hy+e (n-bQ"m)== fles J'-'"'*'A‘ﬂl +Alful

we find that che decrease in backup before the station ¢ + 1 (where the with-
drawal point is situated) is_

SHes= A”g;l'" AH“-I = (‘b+"¢‘01) (

Using this same formula we determine the change in the backup before station
c¢' + 1, situated to the left of station c + 1,

8., - .(c'b‘ :}-/1:,“) (Q° 13- —g3-m),

where Q* has its former value.

Q* (2=-m) __ Ql-ﬂl). ’

Since ¢'< ¢, then Su 141 < é Hespe Accordingly, in accordance with the length
of the left segment of the petroleum pipeline the backups before the stations
(beginning with the second) decrease; the minimum backup is at station ¢ + 1,
where a withdrawal is made. The backups along the right segment of the pipe-

line increase; this can be demonstrated by similar reasonings. The change in

backups before the stations in the case of withdrawal is illustrated in Fig.

5.23.

In the case of an addition along the line, in the left part of the pipeline

Q <Q. the flow in t:he right part Q* + q> Q. With an increase in the added
quantity q the flow Q decreases. This can be confirmed by placing a "+" sign
in front of the q value in formula (5.28).
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Fig. 5.23. Change in operating regime of petroleum pipeline with withdrawal.
The backup before station c + 1 increases with an increase in the volume of
petroleum added_to the line, This gﬁn be seen from the formula

OH ey me BHEL = A sy = (cbot flouy) QP —Q® (4-M),

The distribution of backups befcre stations will be as follows: for a station
situated near the point where petroleum 1s added ~- the maximum backup; with
increasing distance from it (in both directions) the backups decrease.

Withdrawal and flow in the left part of the pipeline, for which the backup
before the station is ¢ + 1 (at the withdrawal point), attaining the minimum
admissible value Algg4, will be designated the critical value qcr and Qgy.

We will write the head balance equation for the left part of the pipeline
in the case of critical gi_t:_h_dxjaw.ql; _

A+ (a—dQ2™) = flen Q™ + Bien+ Al
(KP = cr(itical); I = ad(missible)]

lience we find the critical flow

SRR
- Ml-i-tﬂ—Al‘q—A”g _l-m-
Qer ( b+ flen ) :
From the head balance equation for the right part of the pipeline
AHg+ (n—c) [a—b (Qup—gup)* ™=/ (L —less) (Qup— xp)*™" + b1

[KP = cr; I = ad) ve obtain a formula determining the critical withdrawal:

. [A.Ilr}-(u.—c)a-—da,, ,—_:,,-
R (CEr FEa 2= rery M
If the withdrawal q>q,.., there 18 then a need for artificially increasing

the backup before statisn c + 1; for ensuring cavitation-free operation it
must not be less than 4 H,,.

The backup can be increased by an increase in the hydraulic resistance of
the right part of the pipeline or a decrease in the head developed by the

- stations situated there (after the withdrawal point). This is accomplished
by regulation.,

Now we will clarify what should be the increase in resistance, or (which is
the same) what head H' must be extinguished by regulation.

L9
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Since by means of regulation before station c + 1 the backup AMyq is
maintained, the flow in the left part of the pipeline is equal to Quyps
in the right part it will be equal to Qo = 4

The head H' which must be absorbed by the regulating device can be deter-
mined using the equation ) i e
Ay +(n—c) [a—b (Qup—)*"] =1 (L_\'f'l) (Qup—q)* "+ b1t A
(B = ad; KP = cr] 1f B mkHyge+ M

(HAC = pump] where Hpump is the head developed by one pump with the flow

Qer = 93 k 18 a whole number and h' < H umps then it is desirable to cut
out k pumps and the head h' 1is extinguisged by throttling.

We will call the critical addition of petroleum to the line qop that ad-
dition with which the head at station ¢ + 1 attains the maximum admissible
value Hgg4. '

The flow in the right part of the pipeline in the case of a critical ad-
dition of petroleum will also be called critical ch.

We will find the critical flow from the head balance equation for the right
part of the petroleum pipeline (with the addition of petroleum, as before,
before the station ¢ + 1)

Hyb (nmem1) (s—bQEs™) = (E—leur) Qs+ ditpe ™

Hat(n—c—1) a =B, Ty

Q= |m—e=n b+ (L~Tew)] *

We obtain

Now we will write the head balance equation for the left part of the pipeline
in the case of a critical addition of petroleum:

Ay +ela—b (Qro—au)' ™ = flews (Qup—auo)* ™"+ Bteor+ Hx— (4 —=2015"):
Hence we find that the critical addition of petroleum is

AR+ ca—Bten—[Ha—(a=bQE™)] |
[KP = cr] up= Qup— ebtflea )

_ With the addition of petroleum q>qcr it is necessary to have regulation.
The purpose of the regulation is to reduce the flow in the left part of
the petroleum line to the value Qur - q. This is achieved in the same way:
by cutting out some of the pumps or increasing the hydraulic resistance.

The head H' which must be eliminated by regulation in the left part of the
pipeline is determined from the equation

AH, +¢la—b (Qup=)" "] =fluss (Qup—0)* ™+ Aten + Hx— (—0Q1") + H'.
[KP = er] :

50
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7

FOR OFFICTAL USE ONLY

#5,15. Operating Regime of Pipeline With Shutting Down of Pumping Stations

The temporary shutdown of any station can be caused by malfunctions in the
electric supply system, damage, the need to do repalr work, etc.

The shutdown of a pumping station greatly changes the operating regime of
the pipeline (flow, pressure, backups before stations). Such a change in
the operating regime is characterized by a transient process with a dura-
tion of up to several tens of minutes and a new steady-state operating re-
gime of the pipeline which sets in after attenuation of the transient
process,

When there are transient processes in pipelines with intermediate pumping
stations there are sharp changes in pressure and fiow. The pressure at
individual points on the route can exceed the admissible values.

N

Fig. 5.24. Change in operating regime of petroleum pipeline with shutdown
of station.

Methods for protecting pipelines against excessively high pressures and
methods for computing fluctuations of pressure and flow during transient
processes have been examined in detail in Chapter 9. Now we will examine
the method for computing the regime for a pipeline which is established

in it after shutdown of one of the pumping stations and attenuation of os=-
cillations. In order to understand better the change in the pumping regime
we will assume for the time being that the petroleum pipeline can operate
with any heads and pressures arising as a result of shutdown of the sta-
tion.

Regardless of what station has malfunctioned -~ the second, third, etc. or
last, from the head balance equation for the entire pipeline it follows
that J S P
" AHy+(n—1)a—Az

(n—=1)b-+fL * (5.29)

Q (2-m) _,

The flow Q* is established automatically, as a result of self-regulation.
It is obviously less than the flow Q which prevailed prior to shutdown of
the station,

We will clarify how the backups change before the stations with shutdown
of station c.

From the head balance equations for the left part of the petroleum pipe-
line (segment ) .41):
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with shutdown of station ¢

——

.A”l‘f‘(“"") ("‘"50. “""’)-H..:Q‘ (l-m)+ Al..p}'A”:o-u

with operation of al} scations
Aty 4+ c(--—-bO""‘)-an’ m+ A'en+t\”eu .

we find that with a shutdown of the stailon the backup before station
¢ + 1 is reduced by the value

w..,mw...—mm-(a-—bo' (3-M) — (cb + flews) (@ —¢* (a-m), (5.30)

It can be seen from formula (5.30) that the closer the shut-down station
is situated to the head station, the greater will be the decrease in the
backup before station c + 1.

Similarly, from che equacions

Ay - (e=2) (@ —3Q* *=™) = f1,. ,Q‘ a-m.y A-¢-1+AH=—1
and

Al (e —2) (8 =2Q™) = fle-1 Q"™+ Ateey +AH ey
it follows that before station ¢ - 1 the backup increases to

SHery = BBy — Blloy = [(¢—2) b+ o] (Q7-— Q* M),

It is obvious that the backup before station ¢ - 2 also increases, but to
a lesser degree, before station ¢ = 3 -~ to a still lesser degree, etc.

Tt can also be demonstrated that in the right part of the petroleum line
the backups will increase from station to station, but will remain less
than they were prior to the shutdown of station c.

The change in backups before the stations with a shutdown of one of them
is shown in Fig. 5.24.

On the basis of formula (5.30) it is possible to write the pumping condi-
tion for a self-regulating regime'

(a—b0* B"™) —(cb +fleay) (Q*™—Q* ™M) s,
where £ is the backup reserve,

&= A”g.1—A”‘.

Usually the head reserves will be small: at the station following the shut-
down station, with a decrease in AH below the admissible level the appear-
ance of cavitation can be observed. The backup before the station c + 1 can
be raised to the admissible value A Hgzq by regulation of operation of sta-
tions situated in the right part of the petroleum pipeline. The head H'
which must be extinguished by regulation is found from the head balance
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equation for the right part of the pipeline

[Q = ad) Ally } (1) (2= bQ® M) (E— L4 Q* 44 Agy 2,

where the flow Q* is determined from the head balance equation for the
left part of the pipeline

BHy -+ (e~1) (@=0Q* 4M) m f1,,10* (- 4 g, + A,
This flow will be less than the flow determined by formula (5.29).

Since the backups before the stations in the left part of the pipeline in-
crease, the propulsion pressure at station ¢ - 1 can be greater than the
admissible level Hpqe A decrease iu the heads to Haq 18 attained by reg-
ulation at the statgons in the left part of the pipeline. In this case

the flow Q* will be determined by the equation

” ‘H,-—/zo‘ i'-"');mﬂn.. N (5.31)

where 2 is the distance between stations ¢ - 1 and ¢+ 1; Az 18 the dif-
ference in the leveled elevations of the end and beginning of the segment.,

The value H' by which the head developed by the stations in the left part
of the pipeline must be reduced can be found from the equation

Ay (= 1) (a—5Q* BM) = 1@ O 4. sy +Hp 4 B
or

Al = (c—1) (a—bQ® ™) m 1,41 Q* 4™ 4 Azg,, 'l'Aég'*"};':

If H' exceeds the head HE developed by one pump, then, rounding off H'/
llpmp to a whole number ux?gn the lesser direction), we find the number of
pumps k subject to shutdown. The head H' - kﬂpump must be extinguished by
throttling,

The operating regime of the pipeline when any station breaks down can be
computed graphically, using the profile of the route and the characteris-
tic curve for the pumping station. We will demonstrate this in the fol-

lowing example. -

Fig. 5.25, Diagram explaining computations of the operating regime of a
petroleum pipeline with shutdown of station.
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On a petroleum pipeline with a horizontal profile of thc route there are
four stations, at each of which there are three working pumps. The lines
of the hydraulic slope in the case of a normal operating regime are repre-
sented by solid lines (Fig. 5.25).

Assume that the third station has malfunctioned,

From the point on the profile where the second station is situated we plot
the head Hyy and from the point where the fourth station is situated --
the head Aﬂa . By connecting the ends of these segments (a,b) we obtain
the line of tge hydraulic glope i* corresponding to the equation (5.31)
and determining the flow Q with which the pipeline should operate after
shutting down of the third station.

Now on the basis of the characteristic curve for the pumping station we
find the head H:t for the flow Q* and we plot it from the initial point on
the profile after AH] (segment A1Bj). From the point Bl we draw the line
of the hydraulic slope i* (segment B1A2). By plotting the head H:t from the
point Ay (segment AB2) we see that at station 2 it is necessary to shut
down one pump and the excess head ac is eliminated by throttling. But it

is better to shut down one pump at the first station and at the second to
extinguish the head ac; in this case the run between the first and second
stations will experience lesser pressure (see the line of hydraulic slope

- i* below the line Bl Ap).

Then, drawing the line i* for the last run, we find that at the fourth sta-
tion it is necessary to shut down one pump (the segment bd is equal to the

head developed by the two pumps with the flow Q*) and by throttling elimin-
ate the head ed.

In a graphic method it is convenient to use analytical computation of the
regime for monitoring.

#5.16. Regulation of Operating Regime of Pumping Stations

Changes in pumping conditions in the course of operation (change in flow,
temporary malfunctioning of any station) can lead to an impairment of the
normal operating regime of the pipeline: to cavitation at some statious
and to pressures exceeding the limiting pressure at others. This means

that the throughput capacities of individual segments of the pipeline

will be dissimilar. The matching of the operation of the pumping stations
(or, which is the same thing, the evening-out of the throughput capacities
of pipeline segments) is achieved by regulation. As a result of regulation,
the backups before the stations should not be less than the admissible
levels AH,q and the heads must not exceed the limiting value Hgg;.
With regulation there is a change in the head at the pumping station and
at the same time, the flow. The regulation can be step-by-step (shutting
down of the pumping plants) and smooth, accomplished by a change in the
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frequency of rotation of the engine or pump, by transfer of part of the
petroleum flow from the pressure collector into tha suction collector and
by throttling of the flow.

L]

Fig. 5.26. Diagram explaining computation of pumping sta-
tion raegulation.

Regulation by the shutting down of one or more plants is the most econ-
omical method. It is used in those cases when it is necessary to decrease
the head by a value close to the head developed by at least one pump. In
order to establish precisely the necessary heads and flows, step-by-step
regulation must be supplemented by smooth regulation.

Regulation by a change in the frequency of engine rotation has not come
into wide use since for the time being the existing schemes are still com=~
plex, unwieldy and expensive (reference is to electric motors).

‘The regulation of the change in the frequency of pump rotation is accom-
plished using special magnetic or hydraulic clutches.

Now we will examine regulation by means of clutches, transfer Qnd throttling.
comparing these methods with respect to efficiency.

Assume that as a result of regulation the flow and head are equal to Q* and
u* (Pig. 5.26), which are the coordinates of the point A, lying on the char-
acteristic curve of the pipeline (the latter is not shown in Fig. 5.26).
Then with regulation by throttling the pumping station will develop the
head H: ; the hgad H' must be extinguished by thro t%ing. The useful power
is equaf to Q*H Y > and the expended power — to Qsﬂat)/. Hence

Mehrot = u*/uf,
or

Mthrot = 1 - H'/K), . (5.32)
With regulation by transfer (bypassing) the delivery by the pumping station
is equal to Qps the petroleum flow with the volume Q0 - Q@ must circulate
through the bypass line.

Accordingly, in the case of transfer (bypassing)
*
yIhy = Q /Qo.
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We will express through the values H' and wt..
by st

If the equation for the characcerietic curve for the pumping station is
written in the form H = a = bQ2, then

. l-—Ho;. Qome ‘a-HA'
{CT = st(ation)] ¢ -l' b and * b

Also taking into account that it - : - H', we obtain

] / g Hee
nby - a—(Her—H')

| — B
Moy = ‘/i-m- (5.33)

In the case of regulation using a clutch the torque on the engine shaft is
transmitted to the pump shaft without a change, that is

or

Npot/Pmot ™ N*/n*

where ngt and mot are the power and frequency of rotation of the motor
shaft; N° and n" are the power and frequency of rotation of the pump shaft,

Accordingly, the efficiency with this regulation method is equal to n /nmt.

It is obvious that the efficiency for the entire pumping station is equal to
this same value if identical pumping plants are installed in the station.

The value n*/npop is the total efficiency (Mc1utch total)s 1t includes the
efficiency of regulation and the efficiency with a shutdown regulating de-
vice of the clutch Rclutch max (the maximum efficiency when the driven
shaft rotates with the greatest frequency of rotation nj).

Thus, qclutch comp " Nclutch max Tclutchs where
. -t
N clutch max * "1/%mots Mclutch ™ 0 /np-

- The maximum efficiency for magnetic clutches is 0.93-0.95, and for hydraulic
clutches -- 0,97-0,98. The efficiency of regulation Y).j1yupch 18 determined
by the frequency of rotation, that is, by the limits of regulation.

For centrifugal pumps
a0 e H‘
R and ks 2l
From these expressions we have

*
Neluteh = @ /9
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and
He
Hoemer (8,
e (5.34)
Equation (5.34) 1s a parabolic equation for similar pump operating regimes
(in Fig. 5.26 -~ the dashed line). The flow Q1, corresponding to the fre-
quency of rotation nj, is found by the joint solution of equation (5.32)

and the equation for the pumping station characteristic curve, which is
represented in this same form

M w2a--0Q1,
As a result, we will have e o
a
Q‘a‘/'- ' .
b+
Then, making the replacement
L a—liY d o _HY
Q4= —% an HomHG—H"
[CT = st(ation)] we obtain
—H
q.=~V1-—;,—- (5.35)

[M = clutch]

It follows from formulas (5.33), (5.34) and (5.35) that Meiuteh > Tehrot
and  Yelyteh > ylby- However, this does not mean that regulation by clutch-
es is8 always more advantageous.

In comparing regulation by means of clutches and remaining methods it is
necessary to use not the coefficient M jyech» but the total efficiency
Nclutch comp)s Which takes into account the energy losses in regulation
ang the constant losses. The latter exist not only during the time of reg-
ulation, but also during the operation of the pipeline, when there is no
regulation. The lesser the frequency and duration of the period of regula-
tion, the less advantageous is the regulation by means of clutches.

Now we will compare methods of regulation by throttling and transfer (by~
passing).

From the formulas

Ik ofe ..
Nep -—g—.ﬂr and a= 'QQ';HT

cr

[T = by; CT = station = st; QP = throt (tling)]

it follows that if QOH*> Q*H;c, then ’?gy< Nehrots accordingly, if the
pover used by the pump (pumping station)’ increases with an increase in the
flow, regulation by throttling is more advantageous than regulation by by-
passing, and vice versa.
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The pumps used on main pipelines have sloping Q-H characteristic curves;
for them the dependence N = N(Q) is an increasing function. Therefore,

on main pipelines regulation by throttling is more advantageous than reg-
ulation by bypassing.

COPYRIGHT: Izdatel'stvo "Nedra", 1978

5303
CSO: 8344/0811
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PUMPING OF HIGHLY VISCOUS AND HIGHLY CONGEALING PETROLEUM
Moscow TRUBO-PROVODNYY TRANSPORT NEFTI I GAZA in Russian 1978 pp 322-374

[Chapter 8 by V. D. Belousov, E. M, Bleykher, A. G. Nemudrov, V. A. Yufin

and Ye, I. Yakovlev (also participating in the writing of this chapter were
Candidates of Technical Sciences V. A, Kulikov and V. M, Agapkin and Engineers
V. M. Mikhaylov and S, N. Chelintsev) from the book TRUBO-PROVODNYY TRANSPORT
NEFTI I GAZA edited by V. A, Yufin, Izdatel'stvo "Nedra," 7,700 coples, 408
pages]

[Text) At the present time in our country and abroad there is a consider-
able production of both highly viscous petroleums and petroleums contain-
ing a great quantity of paraffin and accordingly congealing at relatively
high temperatures. The pumping of these petroleums by the usual method is
irrational because at the ambient temperatures the hydraulic resistance of
the pipelines is great. A decrease in the hydraulic resistance of the pipe-
lines 1s ensured by different methods for increasing the flowability of
petroleums: the mixing of viscous and congealing petroleums and petroleum
products with those having a low viscosity and their joint pumping, mixing
and pumping with water, thermal processing of congealing paraffinic petrol-
eums and petroleum products and their subsequent pumping, pumping of pre-
heated petroleums and petroleum products, use of additives and depressants
in the petroleum, etc. In each case the choice of the pumping method must
be backed up by technical and economic computations.

#8.1. Rheological Properties of Viscous and Congealing Petroleums

Rheology is a science concerned with study of the flowability of liquid,
gaseous and plastic substances, as well as processes aasociated with resid-
ual deformations of solid bodies. The properties of the liquid on which the
nature of their flow 18 dependent are called rheological properties.

In pipeline transport the rheological characteristics of petroleums are
evaluated using the following parameters: viscosity (Newtonian), plastic
viscosity, effective viscosity, initial (static) shearing stress, limiting
dynamic shearing stress and congealing point.

The nature of liquid flow is determined by the the form of the dependence
of the frictional forces on the surface of contact of the liquid layers or
shearing stress T on the velocity gradient along the radius or shearing
velocity dw/dr. The graphic expression of this dependence is called the
1iquid flow curve., :

For light petroleum products, petroleums with a low paraffin content and
paraffinic petroleums at a high temperature a dependence obtained by New-
ton is correct; he formulated it in the following way: "the resistance
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which arises due to inadequate slipping of 1iquid particles, all other con-
ditions being equal, 1s proportional to the velocity with which the 1liquid
particles move relative to one another," or

dw -
1“—” T.
where F.is the dynamic viscosity coefficient,

The liquids for which the cited dependence of T on dw/dr is correct for
a constant - value are known as Newtonian liquids or fluids, and the vis-
cosity of such liquids is called Newtonian.

The behavior of many liquids, especially paraffinic petroleums and petrol-
eum products at temperatures close to their congealing point, does not con=-
form to the Newton law. Such liquids are called non-Newtonian.

There are several classes of non-Newtonian 1iquids differing with respect
to the shape of the flow curve (Fig. 8.1).

The flow curves describe the behavior of 1liquids: plastic or Bingham (1),
pseudoplastic (2), Newtonian (3) and dilatant (4).

Figure 8.1 shows that the flow curves of pseudoplastic, Newtonian and dilat-
ant liquids pass through the origin of coordinates and accordingly their
flow begins with the minimum pressure differentials, The flow of Bingham
liquids begins only after the creation of a definite stress ©g. In the case
of stresses less than ‘T(, such liquids behave as solid bodies, whereas

with greater stresses -- as fluids. The rheological equation for a Bingham
fluid is derived from a combination of two equations -~ the Newton equation
(8.1) and the rheological equation for a plastic body (T = () - and can
be written in the following form:

[wn = pl(astic)] , t=Tg—"Nna 7':;.

It contains two coefficients: yield stress 130 and viscosity /7p1, which
is called plastic viscosity.

For pseudoplastic and dilatant 1iquids in a wide range of change in shear
velocity in the technical computations it is possible to use a power de-
pendence of stress on shear velocity

X dio |n-3 dw
bt b o Bl

where |dw/dr| 1s the dimensionless shear velocity modulus; n and k are
constant coefficients for the particular liquid. The n coefficient is known
as the flow index and k 1s a characteristic of consistency. For a Newtonian
liquid n = 1 and k = P for pseudoplastic 1iquids n< 1 and for dilatant
liquids n> 1.

The flow of paraffinic petroleums and petroleum products at temperatures
close to their congealing point or below can be described by curves 1 or
2 (see Fig. 8.1). In other words, they can be related to plastic or
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pseudoplastic liquids, and in the case of sufficiently high temperatures
== to Newtonian liquids.

This peculiarity is associatad with the high content of paraffin in such
petroleums., At a high temperature the main quantity of paraffin present
in the petroleum is in a dissolved state. Under these conditions the pet-
roleum is a Newtonian liquid.

With a temperature decrease the paraffin begins to crystallize out of the
petroleum. The process of crystallization of paraffin as the first stage
includes a change in structure of the liquid phase of the petroleum with
a decrease in temperature. The essence of these changes is an ordering in
the arrangement of molecules of the dissolved substance due to a decrease
in the energy of their thermal motion. As the solution is cooled the cap~
acity of the molecules of the solvent to hold paraffin molecules in a.
dispersed and isolated state is reduced, that is, the dissolving power of
the solvent is reduced. With a further temperature decrease the paraffin
concentration in the hydrocarbon medium attains a level at which the solu-
tion becomes saturated.

However, in this case the crystalliration of paraffin does not begin and
there must be some supersaturation of the solution, which creates the pos-
sibility of appearance of quite large paraffin crystals with a size greater
than the critical size of crystalliration centers,

With approach of the cooling temperature to the congealing point tgon the
number and size of the crystals increase to such an extent that they form
a spatial lattice structure through the entire volume of the petroleum
and immobilize the liquid phase of the petroleum. The petroleum acquires
the properties of pseudoplastic and then plastic fluids.

. Some highly parafinnic petroleums (such as those from the Mangyshlakskiye
deposits) also have the properties of thixotropic liquids.
+ ,

Fig. 8.1. Dependence of shearing stress T on shearing velocity dw/dr for
different liquids.

Thixotropy is a property of bodies as a result of which the ratio of the
shearing stress to the deformation rate (shear) temporarily decreases due
to the preceding deformations. In other words, thixotropy is the capacity
of a liquid, as time passes, to restore the earlier destroyed structure.
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Viscosity (Newtonian)

The movement of a flow of a real fluid is always accompanied by an energy
loss. This occurs even during the movement of a fluid through pipelines
with completely smooth walls. The reason for such losses is not so much
friction against the pipeline wall as the internal friction of the fluid
(viscosity).

It has been established that for the movement of a plate lying on a layer
of fluid it is necessary to impart to it a tangential force which 1s di-
rectly proportional to the area of the plate S, the velocity of its move-
ment w, and is inversely proportional to the thickness of the fluid layer

x. This dependence is given more precisely by the Newton equation, in which,
as mentioned above, p- is a proportionality factor, known as the dynamic
viscosity coefficient.

During the pumping of viscous fluids the influence of viscosity on the hy-
draulic losses is extremely significant, and therefore in each real case
it is necessary to determine viscosity with the greatest possible accuracy.

1f in the laboratory there is no possibility of determining the petroleum
viscosity-temperature curve, the viscosity at the temperature of interest
can be computed using empirical formulas. The following formulas have come
into widespread use: American Soclety of Testing Materials (ASTM)

1glg (v-+08)=a+dlgT;
Vogel-Fulcher-Tamman formula : b
Ve=\ ., eXp ('i:‘é') H

Reynolds formula ———— -
ve=vyexp[—u (t—1to)],

where ¥ is the coefficient of kinematic viscosity et the temperature t (in
°C) or T (in K); Vg is the coefficient of kinematic viscosity at the tem-
perature tg; a, b, by, Vo, 8, u are determined using the formulas cited
above if viscosity 18 known at three or two temperatures; in the ASTM for-
mula the dimensionality + is in centistoke.

Plastic Viscosity
Plastic (Bingham) viscosity characterizes the plastic properties of a fluid.

Usually plastic viscosity is determined from the curve of flow of a fluid
using the Bingham equation —t
A =""go :

[TTn = pl(astic)] ar

Graphically plastic viscosity can be expressed by the ratio of the segments
BC to AC (see Fig. 8.1).
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Effective Viscosity
Effective viscosity is the ratio of shearing stress to shear velocity

[3= eff] =gy
rra

For Newton fluids this 1s a constant value, equal to the so-called Newton
viscosity, whereas for non-Newton flulds it varies with a change in shear
velocity.

Graphically the effective viscosity value can be represented as the ratio
of BD to ED (see Fig. 8.1).

Initial Shearing Stress

A number of rheological parameters of paraffinic petroleums vary with time.
Outwardly this is manifested in that under a mechanical influence (shaking,
mixing) the system acquires mobility and flowability, but during prolonged

rest under low-temperature conditions it solidifies and a paraffinic struc-
ture is formed whose strength increases with time.

It is necessary to create a definite initial pressure for the shear of par-
affinic petroleums, This pressure corresponds to the initial shearing stress
‘Fin, whose value is dependent on the strength of the paraffinic structure
forming under the given conditions during the time of presence at rest.

Figure 8.2 shows the characteristic curve of the dependence of the change
in 1&n on the time of the presence of petroleum at rest.

It must be remembered that the operation of a main pipeline involves inev-
itable stoppages. It 18 necessary to take into account the capacity of T,
to increagse with time, since during the time of a standstill the Tin value
can attain a value at which the pressure developed by the pumping station
may prove to be inadequate for moving the petroleum in the open line and
then the petroleum pipeline will be "frozen."

Due to the multiplicity of different factors exerting an influence on the
initial shearing stress of paraffinic petroleums, there are virtually no
formulas for computing Ti,. Therefore, in each specific case the Tin
value is determined experimentally.

Limiting Dynamic Shearing Stress

One of the rheological parameters characterizing the plastic properties of
paraffinic petroleums is the limiting dynamic shearing stress ‘Co.

For determining ’Co it is necessary to plot the petroleum rheological curve;

the extension of the linear segment of the rheological curve to the Taxis
cuts off on it a segment whose value characterizes the limiting dynamic
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shearing stress of the particular petroleum (see Fig. 8.1).

™ gtn

, Time
dpema

Fig. 2. Dependence of initial shearing stress on time of presence of petrol-
eum at rest.

It should be noted that the temperature prehistory of the petroleum exerts

a great influence on the rheological parameters of both Newton and non-New-
ton petroleums, that is, it 1s important to known to what temperature influ=-
ence the petroleum was subjected prior to the determination of any partic-
ular rheological parameter.

8.2, Methods for Pumping Highly Viscous and High Congealing Point Petroleums
Pumping Paraffinic Petroleums with Hydrocarbon Diluents

The introduction of a hydrocarbon diluent into paraffinic petroleum in some
cases makes it possible to achieve a considerable improvement in its rheo-
logical properties.

Experience in the joint pumping of petroleum, petroleum liquefied gases and
gas condensate has been gained in a number of foreign coumtries.

The pumping of mixtures of various petroleums with liquefied gases, gas ben-
zine and distillates is accomplished in the United States through a.pipeline
with a diameter of 300 mm and a length of 1,080 km which connects a field

in Oklahoma with East Chicago, Indiana.

A highly viscous petroleum with an asphaltic base is pumped through a petrol-
eum pipeline between Lloydminister and Hardisty in Canada (V50 = 2.9 stoke).
With a temperature decrease its viscosity increases sharply. Lloydminister
petroleum is pumped one-quarter diluted by condensate; in winter the mix-
ture is heated. Despite the fact that a special pipeline of the same length
as the main line was constructed for feeding the condensate to the deposit,
this transport method was economically more advantageous than other pumping
_ metheds.

However, as a rule, the feeding of a light hydrocarbon diluent (benzene,
kerosene, diesel fuel) to a petroleum producing area and the necessity for
constructing additional open-line structures at the petroleum pipeline ter-
minal involves great expenditures and makes it very expensive to employ this
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method for improving the rheological properties of paraffinic petroleums,
Accordingly, the pumping of paraffinic petroleum with light diluents is
frequently more expensive than other transport methods.

As the diluents it is best to use petroleums with a low viscosity. If the
fleld produces paraffinic and low-viscosity petroleums, it 1s feasible to
mix them in structures at the head of the petroleum pipeline and transport
them together.,

The mixing of highly paraffinic and low-viscosity petroleums makes it pos-
sible not only to lower the cost of pumping, but also to make more effect-
ive use of the produced petroleums. By mixing different petroleums in dif-
ferent ratios it is possible to obtain petroleum mixtures of a predeter-
mined composition; this makes it possible to stabilize operation of the
petroleum pipeline and the installations at petroleum refineries. In addi-
tion, the mixing of petroleums sometimes makes possible a considerable im-
provement in their quality. For example, the mixing of highly paraffinic,
but low-sulfur petroleums with low-paraffin but high-sulfur petroleums
makes it possible to obtain a petroleum mixture with a moderate paraffin
and sulfur content. An example of this is the highly paraffinic petrol-
eum wvhich is pumped in a heated state from the Mangyshlak peninsula to

the Kuybyshev area, where some of it is refined and some of it is mixed
with low-viscosity sulfur petroleum from the Volga region and fed into the
"Druzhba" petroleum pipeline system.

The mechanism of the effect of a hydrocarbon diluent can be explained in
the following way. First, with the addition of a diluent to a paraffinic
petroleum there is a decrease in the paraffin concentration in the mix-
ture, and also a decrease in the saturation temperature of the solution
and the appearance of paraffin crystals. Accordingly, the congealing point
of the system is reduced. Second, when using as diluents low-viscosity pet-
roleums containing asphalt-tar substances, the latter, being depressants,
impede the formation of a paraffinic structure lattice in the petroleum
and thereby reduce the congealing point and the effective viscosity of the
mixture. It must be remembered that the solubility of the paraffins to a
high degree is dependent on the properties of the diluent. As a rule, the
lesser the density and viscosity of the diluent, the more effective is its
action. In addition, the lower the temperature of the mixture, the greater
is the improvement in the rheological properties of the paraffinic petrol-
eum with addition of a diluent.

The rheological properties of the petroleum mixture are also influenced by
the method of mixing of the petroleums. In order to obtain a homogeneous
mixture the mixing of the petroleums must occur at a temperature 3-5° high-
er than the congealing point of the viscous component. Under unfavorable
mixing conditions the effectiveness of the diluent is reduced to a consid-
erable degree and there can even be a separation of the petroleums.
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Pumping of Highly Congealing Paraffinic Petroleums With Additives for
Stimulating Flow

In the pumping of petroleums and their refined products through pipelines
at the present time use is made of petroleum-soluble chemical additives
having different purposes. For the picpose of reducing head losses in fric-
tion during a turbulent flow regime of low-viscosity petroleums they are
supplemented by some quantity of polymer having long and strong molecules.
- Such polymer additives retard the development of eddies in the flow when
there are great discharges. As a result, the throughput capacity of the
pipeline is increased. In a laminar regime these polymer additives do not
lessen the losses in friction.

The use of additives capable of improving the pumpability of highly congeal-
ing paraffinic petroleums in the field of low temperatures is of great in-
terest,

In the Soviet Union and abroad research is being carried on in selecting
additives which, interacting with petroleum paraffins, could improve its
rheological characteristics (static and limiting dynamic shearing stress,
plastic, that is, Bingham viscosity). The use of such additives for stimul-
ating flow is a further development of the principle of use of additives
which long ago were employed for reducing the congealing points of oils.

Investigations indicate the pour-point depressants for oils do not exert an
influence on the low-temperature properties of paraffinic petroleums; this
is attributable to the extremely complex physicochemical composition of the
latter.

At the present time there are already effective flow stimulators whose addi-
tion to highly congealing paraffinic petroleums imparts to their flow a
Newtonian character at relatively low temperatures.

As the basis for stimulators controlling the process of crystallization of
paraffins in the petroleum flow it 1s possible to employ such high-molecular
compounds as polymethacrylates, polyisobutylene, ethylene polymers, poly-
propylenes, etc.

Ash-free ethylene-propylene polymer additives are now being produced abroad.
Examples are additives designated Paramins-20, -25, =70 for medium distil-
late fuels, and also additives of the ECA type for heavy fuels and petrol-
eums,

With respect to external form, these additives constitute a paraffin-like
mass acquiring mobility only at 50-60°C.

The effectiveness of use of these additives i1s dependent on the physicochem-
ical properties of the paraffinic petroleums or their mixtures with low-vis-
cosity petroleums, and especially on their content of paraffins and natural
surface-active substances —~ tars and asphaltenes.
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The necessary concentration of flow atimulator in the petroleum is depend-
ent on the purpose and the specific conditions of its use, For example,

- for successful pumping of petroleum along a main pipeline it 18 sufficient
to introduce an additive in a quantity 0.1-0.2%. In the case of transport
of a mixture of high-congealing petroleum with low-viscosity petroleums
this concentration can be reduced.

In the storage of petroleum containing paraffin a concentration of additive
up to 0.032 to a considerable degree lessens paraffin deposition on equip=-
ment and can eliminate expensive manual cleaning of the tanks in petroleum
tanks (tank farms), tankers, etc. At the present time there is no uniform
opinion concerning the mechanism of the effect of both depressor additives
to oils and flow stimulators.

It has been established that flow stimulators do not decrease the quantity

of paraffin precipitated from the petroleum and do not change the tempera-
ture of onset of its mass crystallization.
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- The first fractions of the additive are the most effective (Fig. 8.3). In
this respect the action of flow stimulators is similar to the action of
depressants for oils,

The possible mechanism of the action of additives for high-paraffin oils

can be judged from the change in the deformation-strength properties

of the structure of paraffin in dependence on the conditions of its forma-
tion (in the presence of additives or without them). A study of the kinetics
of development of shearing stresses with a constant rate of deformation in
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disperse systems makes possible a deep investigation of the mechanism of
appearance and nature of the structure. Any physicochemical processing

of the syatem acting on the conditions of appearance of particles and also
the number of contacts between them is manifested in a change in the course
of the deformation process.

Figure 8.4 shows a diagram characterizing the development of flow in a high-
congealing petroleum firat heated to 50°C, that is, to the initial temper-
ature in the case of "hot" pumping. The process of destruction of the par-
affin structure includes not only the destruction of the crystal lattice
proper, but also the setting free of the liquid medium immobilized within
the structural lattice, a change in orientation of anisodiametric par-
ticles and other mechanisms for reducing resistance to deformation. The
descending branch of curve 1 reflects completion of the complex process

of change in the structure and transition to a steady-state flow regime.

On the basis of the nature of destruction of the structure of paraffin,
high-congealing petroleums can be classified as elasticoplastic bodies.

This is attributable to the fact that with cooling of the petroleum the par-
affin crystals which separate out, joining with one another, form a struc-
ture lattice -- a gel. An increase in the mechanical strength and a de-
crease in plasticity of petroleums containing paraffin with a decrease

in temperature is associated with the quantity of the solid phase crystal-
lizing out and the presence of polydisperse crystals of paraffius expend-

ed on the strengthening of the phase contacts.

Asphalt-tar substances are of great importance in forming the paraffin
gel; they can envelope the precipitating paraffin crystals, not allowing
them to create a more solid crystalline lattice. In the presence of flow
stimulators in a quantity of about 0.27% there is a radicsi change in the
picture of development of the flow in petroleum containing paraffin. Here
a plastic flow arises with stresses considerably less than in the initial
petroleum.

A decrease in strength and an increase in plasticity, as capabilities of
bodies for flow, that is, leading to extremely great residual deformations
without apparent rupture under the influence of stresses exceeding the
yield stress, must be attributed to the formation of complexes of the
stimulator-paraffin molecule, creating a spatial obstacle to the formation
of crystalline gel contacts and decreasing their ordering.

Considering the mechanism which is involved in the action of additives,
they must be introduced into the petroleum at temperatures at which its
paraffins are dissolved and it constitutes a true solution. The methods
for introducing flow stimulators can be different. The principal condition
is ensuring a high degree of mixing of the stimulator and the petroleum.
This can be achieved by introducing the additive into the flow of heated
petroleum in the pipeline through a nozzle. In order to ensure normal
pumping of petroleum containing paraffin in the case of an isothermic
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regime in a pipeline of considerable length it is sufficlent to introduce
the additive only once, for example, at the head atructures of a pipeline.

The experience in the use of additives improving the flow of petroleums
with paraffin under industrial conditions during the pumping of African
petroleums through the European pipelines Rotterdam - Rhine (D = 400-900
mu, L = 236 km), Ile de France (D = 500 mm, L = 150 km), Finnart-Grange-
mouth (Great Britain), and also use of the additive ECA=4242 during the
starting-up of the pipeline Mangyshlak-Kuybyshev shows that using them

it is possible to facilitate the startup of a pipeline and the pumping of
petroleun in an isothermic regime at temperatures lower than its solidif-
ication point, and also reduce or completely exclude the deposition of
paraffin in pipelines, tanks, etc.

Thus, this method for improving the rheological properties of petrol ums
with paraffin makes it possible to increase the throughput capacity of a
pipeline and solve a number of specific problems in the transportation
of such petroleums without additional capital investments on broadening
the main equipment or on strengthening thermal insulation.

Additives of the type of flow stimulators can considerably simplify the
operation of "hot" pipelines, especially in nonstationary operating re-
. 8imes. Such regimes must include their starting-up after construction
when the ground around the pipeline is not heated, reaching the planned
throughput capacity under conditions of an increase in petroleum produc-
tion in the fields, repeated startups after stoppages of pumping, etc.

Pumping of Thermally Processed Petroleums

With the heating of petroleum to a definite temperature with subsequent
cooling the rheological parameters of the petroleum experience consider-
able changes. In some cases the values To, ‘Cin and MPe increase; in
other cases they decrease. The thermal processing of petroleum for chang-
ing its rheological parameters is called the thermal processing of petrol-

eun. [Pe = Pug(fective))

Thermal processing is one of the methods for improving the rheological
properties of the petroleum for the purpose of increasing the effective-
ness of pipeline transport of petroleunms containing paraffin and petroleum
products. Thermal processing makes it possible to obtain petroleum with a
weak paraffin structure not capable of holding the entire volume of petrol-
eum in its lattice elements,

The thermal processing process consists of the heating of petroleum to
some temperature with subsequent cooling to its pumping temperature. With
the heating of petroleum containing paraffin there is a total or partial
dissolving of the paraffins present in the petroleum. With the cooling of
the petroleum the paraffin is precipitated from solution in the form of
crystals, the number and form of which are dependent on the temperature
of the preliminary heating and on the cooling conditions.
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In our country the problems involved in the thermal processing of petrol-
eums with paraffin and petroleum products were already investigated in

the 1930's. For example, we know of the studies of Zelinskiy and Sakhanov,
in which the authora obtained positive results with the thermal processing
of mazuts, The thermal processing of petroleum in the Romashkinskoye depos-
it made it possible to reduce the viscosity of petroleum by a factor of
more than 2 and decrease the solidification point of petroleum to 20°C.
Investigations made it possible to detect a number of regularities asso-
ciated with the thermal processing of petroleums containing paraffin:

1) the thermal processing of highly congealing paraffinic petroleums with
a heating temperature 40-50°C (somewhat below the melting point of paraf-
fins) greatly worsens the rheological properties of the petroleum;

2) for paraffinic petroleums there is a definite heating temperature at
which the thermal processing effect is maximum., This temperature is always
higher than the melting point of paraffins present in the petroleum;

3) the greater is the ratio of the content of paraffins to the content of
asphalt-tar substances, the lesser is the thermal processing effect;

4) the conditions of petroleum cooling exert a great influence on the
properties of thermally processed petroleums,

Accordingly, by changing the conditions for cooling of the petroleum and
the temperature of the preliminary heating, it 1is possible to exert a sig-
nificant influence on the strength of the paraffin lattice in the petrol-
eum, that is, it is possible to select such a thermal processing regime in
which its effect will be maximum,

The dependence of the rheological parameters of thermally processed high=-
paraffin petroleums on the rate of their cooling after heating is attrib-
utable to the conditions for crystallization of the paraffin present in
the petroleum.

The process of crystallization (size, number and shape of the paraffin crys-
tals in the petroleun) is influenced by the ratio of two rates: rate of ap-
pearance of centers of crystallization of paraffin and rate of increase

of already precipitated crystals., If the rate of appearance of centers of
crystallization is greater than the rate of crystal growth, a system is
obtained with a great number of small crystals; otherwise, in the system
there is formation of large unconsolidated crystals and the strength of

such a structure is considerably less than that of a fine-crystal structure.
For example, with a rate of cooling of thermally processed Mangyshlak pet-
roleum equal to 10°C/hour, a favorable ratio of the rate of appearance

of the centers of crystallization and the rate of increase of the forming
paraffin crystals 1s created. Most of the paraffin goes to the formation

of a small number of large crystals forming unconsolidated clusters.

It was noted earlier that the temperature of preliminary heating of the pet-
roleum exerts a great influence on the crystallization of paraffin during
the thermal processing of petroleums, )
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Figure 8.5 shows the dependence of petroleum viscosity on the temperature
of thermal processing. Figure 8.5 shows that with an increase in the tem-
perature of petroleum heating its viscosity at first increases, and then
decreases, becoming minimum with a definite temperature of thermal process-
ing. With a further increase in heating temperature the viscoaity of the
petroleum again increases. T
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Fig. 8.5. Dependence of petroleum .iscosity on thermal processing para-
meters: 1, 2, 3 and 4 -- heating temperature of 60, 80, 100 and 90°C re-
spectively,

KEY:
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These peculiarities of the influence of the temperature of thermal process-
ing on rheological parameters can be explained in the following way. At the
surface of the paraffin crystals there is adsorption of asphalt-tar sub-
stances present in the petroleum. With the heating of the petroleum to a
low temperature some of the paraffin crystals are dissolved and the as-
phalt-tar substances released are adsorbed at the surface of the undis-
solved paraffin crystals. Subsequent cooling leads to the formation from
the precipitating paraffin of a solid fine-crystal structure increasing

the effective viscosity and solidification point of the petroleum., With an
increase in the heating temperature there 1s an increase in the quantity
of paraffin dissolved in the liquid phase of the petroleum, and in addi-
tion, the remaining crystals of paraffin with a high melting point adsorb
an increasingly lesser quantity of asphalt-tar substances. During the
cooling of the petroleum, due to the adequate quantity of the unadsorbed
asphalt-tar substances, being surface-active substances, which favor den-
dritic crystallization, there is formation of a small number of large crys-
tals of paraffin.
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With heating to such a temperature when all the paraffin is dissolved, the
most favorable conditions are created for the dendritic crystallization
of paraffin with formation of the least solid structure.

With a still greater temperature of the thermal processing of the petroleum,
the asphalt-tar substances present in it, which exert a favorable influence
on the formation of a coarse-grained structure, are irreversibly destroyed,
thereby reducing the thermal processing effect.

The rheological parameters of the petroleum tgpl (solidification or con-~

gealing point), Oin, P and 10, improving as a result of thermal process-

ing, with time assume.their initial values. The time required for restora-

- tion of the rheological parameters of the petroleum must be taken into ac-
count in the operation of pipelines pumping thermally processed petroleum.

Thus, 1f the thermal processing of high-paraffin petroleum gives good re-
sults and thermally processed petroleum has a long time of restoration of
rheological properties, such a petroleum after thermal processing can be

pumped as an ordinary low-viscosity fluid,

llydraulic Transport of High-Paraffin and High-Viscosity Petroleums and
Petroleum Products

A substantial improvement in the pumpability of viscous or high-congealing
petroleums can be achieved by adding water to the petroleum flow.

With the joint pumping of water and petroleum the flow can be imparted dif-
ferent structures, such as coaxial, emulsion, separate, etc.

A coaxial structure is obtained when the water forms around the petroleum,
along the inner surface of the pipe, in a concentric ring. In order for

the petroleum not to float in the water and not stick to the upper surface
of the pipe, a groove is made in the pipe which imparts a rotational motion
to the flow. The water, being the heavier fluid, is propelled toward the
pipe wall.

In an experimental pipeline with a diameter of 200 mm and a length of 40
km the throughput capacity was increased by a factor of 12,

In the case of hydraulic transport the flow increases with lesser expendi-
tures of energy in comparison with the pumping of high-viscosity petroleum
alone. The separation of the water and petroleum 1s accomplished at the
final point in the pipeline by one of the well-known methods (standing,
thermal method, etc.).

Hydraulic transport of highly viscous petroleums through pipelines with
an internal groove has not come into wide use for the following reasons:
1) with the stoppage of pumping there will be a stratification of the water
and petroleum, The latter sticks to the upper generatrix of the pipe and
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packs the apiral, as a result of which there is a marked decrease in the
effectiveness of hydraulic transport; .

2) this method can only be used when pumping petroleum through a pipeline
without intermediate pumping stations, since with the entry of water and
petroleum into the pump a stable emulsion is formed which beyond the pump-
ing station no longer separates and impedes the formation of the water ring
along the pipe walls; .

3) the complexity in producing the spiraling on the inner surface of the
pipe.

With the formation of the pentroleum in water (p/w) emulsion there is a
considerable decrease in system viscosity, Such a system consists of pet-
roleum particles surrounded by a £ilm of water and there is virtually no
contact between the petroleum and the pipe surface. As a result, a water
ring is formed along the entire internal surface of the pipe and the pet-
roleum slides along it,

With the transport of water-petroleum emulsions through pipelines with
some pumping rates, temperatures and water concentrations in petroleum
there is formation of an emulsion of water in petroleum (w/p). The viscos~
ity of such emulsions can be greater than the viscosity of pure petroleum.

In order to improve the conditions for formation and increase in the stab-
1lity of emulsions of the type p/w different surface-active substances
(SAS) are added to the water-petroleum mixture.

A surface-active substance, dissolved in water, hydrolyzes the pipeline
walls, considerably decreases the forces of attachment of the petroleum
to the walls and creates conditions for the formation of a disperse sys-
tem of the p/w type. All this leads to a marked decrease in hydraulic re-
sistance during pumping.

The technology of joint pumping of petroleum with a water solution of SAS is
directed to the creation of a stable system of the p/w type in the pipeline
and the prevention of a phase inversion, that is, a transition of the sys-
tem from direct to reverse (w/p).

The stability of a system of the p/w system 18 influenced to a consider-
able degree by the form and concentration of the SAS, temperature, inten-
sity of mixing and relationship of phases.

The SAS used in preparing water-petroleum emulsions must correspond to the
following principal requirements: emulsify well (that is, create an enve-
lope on the surface of the petroleum globules, mechanically sufficiently
strong and capable of being easily restored when it breaks), must be non-
toxlc and not cause corrosion of the pipeline and tanks.

One of the SAS best corresponding to the above-mentioned requirements is
NP-1 sulfanol.
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An increase in the concentration of water in the mixture improves the stab=-
111ty of the emulsion but reduces the economic indices for this particular
type of hydraulic transport. It has been established by experimental in-
vastigation that the minimum water content ghould be about 30% of the to-
tal volume of the mixture to be transported.

Pumping of Heated Petroleums and Petroleum Products

The pumping of highly viscous and high-congealing petroleums and petroleum

products with heating is the most commonly employed method for the pipeline
transport of these products. The pipelines through which heated petroleums

are pumped are called "hot" pipelines.

The petroleum can be heated at stations or along the entire pipeline route.

In the first, most commonly used variant of "hot" pipelines there are three
types of stations installed on the pipeline: pumping-heating stations (PHS),
at which the product is both heated and pumped, heating stations (HS) at
vhich only heating takes place, and pumping stations (PS) at which only

the pumping of the product occurs. The heating of the product occurs both
in tanks (at the head station), equipped with spiral or sectional steam
heaters, and in heaters (at all stations), which can be steam operated or
fired (furnaces).

In the second variant a heating satellite pipeline is laid alongside the
pipeline through which the heat carrier (hot water or steam) is pumped.
This same variant is possible using electric power.

A reduction in thermal losses in "hot" pipelines can be achieved by cover-
- ing the pipes with heat insulation.

*kk
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#8.3. Initial Data for Thermal Computation of "Hot" Petroleum Pipelines

When carrying out thermal computations of a petroleum pipeline it is neces-
sary to have the following initial data: physical and thermophysical prop-

erties of the petroleum, thermal insulation, tha ground (density, rheolog-

ical characteristics, specific heat capacity, thermal conductivity, thermal
diffusivity, moisture content), climatic data (mean monthly temperatures

of the air and ground at the depth at which the pipeline is laid in a nat-

ural thermal state, level of solar radiation, depth of snow cover).

Data on temperature of the air and ground, snow cover depth and the level
of solar radiation are taken from the climatic handbooks for the region
through which the pipeline is to be laid.

The physical and thermophysical characteristics of the petroleum, thermal
insulation, ground and others are determined experimentally or can be com-
puted using the corresponding empirical formulas.

Specific heat capacity of petroleum [in kJ/kge°C)] is determined using the
Crego formula ¢
cn=r== (1,687+3,30.103 1),
] V‘p‘lh

where f)%s is the relative density of petroleum relative to water at t =
15°c.

The specific heat capacity of petroleums and petroleum products falls in
the range from 1.6 to 2.5 kJ/(kg:°C) and for approximate computations it
can be assumed equal to 2.1 kJ/(kge°C). The specific heat capacity of hy-
drocarbon steels and paraffin deposits is equal to 0.5 and 2.9 kJ/ (kg °C).

The thermal conductivity coefficlent for petroleums A, depending on the
temperature in the range of change in pumping parameters, varies in the
range from 0.1 to 0.16 W/(me°C).

For refined computations use is made of the Crego-Smith formula
0,437
A= (1—0,54+10-21),
The mean values of the thermal conductivity coefficients for steel and par-
affin are 46-50 and 2.5 W/(m-°C) respectively,

The thermal diffusivity coefficient is related to the thermal conductivity
coefficient by the expression .. . .

g e ——

wp *

The total coefficient of heat transfer k from petroleum to the surrounding
medium is dependent on the regime of movement of the fluid and its thermo-
physical properties, thermal resistance to heat transfer into the surround-
ing medium through the anticorrosion heat insulation, pipe wall, paraffin
deposits and others:

- [£]
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7

FOR OFFICIAL USE ONLY

N
t 1 1 D 4
&Dy T mDy "z—ﬂrl" Dt moe
1-1 80N
it (8.1)

where 061 is the internal heat transfer coefficient (from the petroleum to
the internal surface of the deposits or pipe); Ay is the thermal conductiv-
ity coefficient of the j-th cylindrical layer (deposits, pipe metal, insul-
ation, etc.); Dg and Dy are the internal and external diameters of the pipe-
line respectively; D, 1s the external diameter of the j-th cylindrical lay-
er; ol, is the coefficient of heat transfer from the outer surface of the
pipeline into the surrounding medium.

For pipelines with a great diameter (Dy > 500 mm) the k value can be deter-
mined approximately using the formula

N
1 1 ]} 1
- | T=zr+§rr*‘-a?
=1

where 53 is the thickness of the j-th cylindrical layer.

(8.1a)

The coefficlent of heat transfer from the outer surface of an underground
pipeline into the surrounding medium characterizes the thermal resistance
of the ground and heat transfer from its surface into the atmosphere

2rpBis
[rp = ground] %= Dy (1 + aoBiy) '

where . .
Biy=0ac/Ary; c=V/ 33— (0,5D)5;

ao=1n[2ho/Dy+ )/ ZhalDy)i—iJ;

.. 1s the coefficlent of thermal conductivity of the ground;“% is the
coé?ficient of heat transfer from the ground surface into the atmosphere;
hg is the depth of laying of the pipeline to its axis.,

Under conditions of a high intensity of heat transfer from the ground sur-
face (high 312 values), and also with a considerable depth of pipeline
placement, when (ho/DN)> 2, the o9 coefficient can be computed using the
F. Forchheimer formula . .
2\
—rp .
oy Dyas

The coefficient of heat transfer from the petroleum to the pipe wall is
the ratio of the heat flux in the particular pipe section to the differ-
ence between the mean temperature of the petroleum and the temperature
of the internal pipe wall.

For determining the coefficient of heat transfer from the moving petroleum
(petroleum product) use is made of the M. A. Mikheyev criterial equations:
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in the case of a laminar regime (Ref<2000)

Prp \0.38
Nu s 0,47Re§: P3G ! (T’T.L) :
in the case of a turbulent regime (Reg>10%)

. Pr, o.u-
Nuwm0,0Reptpegas (L),
In the region 2000< Ref<101‘ the heat transfer coefficlent is found by in-
terpolation.

In the cited formulas the parameters with the subscript f are determined
with the mean integral temperature of petroleum, whereas the parameters
with the w subscript are determined with the mean integral temperature of
the internal wall of the pipe. The mean integral temperature of the inter-
nal wall of the pipe 1s related to the mean integral temperature of the
petroleum by the expression

1
(t—tep 1) 57

N
l Ro R;. Do
'&T+§Tl'ln i T asDy

[cp = mean])

fepw=tep|—

The Reynolds (Re), Prandtl (Pr), Grashof (Gr) and Nusselt (Nu) parameters
are equal, respectively, to:

Ro= S0 Pratip,
D: (tep p—tep w)
e

{H = pet(roleum)] Gr = 8Bx;

Nn-am H

where YV 1s the coefficient of kinematic viscosity of petroleum; w is the
mean velocity of petroleum flow in the section; g 1s the acceleration of
free falling; $ pet is the coefficient of volume expansion of petroleum.

The coefficient of heat transfer from the petroleum to the pipe wall in
a nonoperating pipeline (0615'501’) is determined using the empirical formula

NuStop = ¢ (Gr Prg)?, in which the coefficients ¢ and n are taken from the
data in Table 8.1.

Table 8.1
- Values of Coefficients ¢ and n
Gr.Pr e ' n
glora=s-100 1,18 YT
4032, 0,54
2:10'—1012 0,14 0,'25
7
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The coefficient of heat transfer from the ground surface is determined as
the ratio of the heat flux directed into the atmosphere to the difference
in the mean temperature of the ground and air. The value of the heat trans-
fer coefficlent includes values of the coefficients of convective (olp,con)
and radiation heat exchange (dp rad)t ¥p ™ ®B,con + & B rade

The convective component aB,ccn [in W/ (m2-°c)] i8 determined using the
formula
“B,con = 6,15+4,18v,
where v 1s wind velocity, m/sec.
- The value of the coefficient 0‘B con falls in the range from 10 to 18 W/ (mz'
°C) and for approximate computatlons is assumed to be equal to 11 W/ (m.
°c).

The value of the coefficient Olp r,q 18 determined using the formula

el e (eEE(ER)) @D

where tg ¢ op is the temperature of the ground surface, °c; £, is the de-
gr;,e 2f g‘l—acﬁness of the surface; cg is the Planck constant [eg = 5.68 w/
(m4-KY) ].

The radiation component dB,rad is 70-80% less than “B,con and on the aver-
age its value is equal to 4.0 W/ (m2°°C).

The coefficient of heat transfer from the pipe wall into the atmosphere
when the pipeline is above the ground is related to the temperature dif-
ference between the outer surface of the pipes and the air. Its value is:
determined by the sum g  con + *B, rade

The convective component OZB con when Re >103 is found using the criterial

formula ’ L
: P, |\ 038

Nup, x= 0'25“"2'.?‘2'38 ( Pr;v ' . (8.3)

[B, K = B, con] where the subscripts B and N mean that the corresponding

- dimensionless parameters are computed with the temperature of the outer
air and the external surface of the pipeline. The latter is related to
air temperature by the expression

N -
- 1 R R
('-—fo)( % + x: In Ry )
i=1

tnztl—
‘ i Ro* Ry 1 R
-} +5 u Aj In Rjy + as Ry
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With an error not greater than 3% in the range of temperature change -40¥

t< 40°C it can be assumed that:

Yy 0,28
(—1‘—%) w1, Pry e 0,72,

simplifying in the corresponding way the form of the dependence (8.3)

0,221Re2

Nu.. =
K vg'.

[B,K = B,con]

) ' The coefficient ""B,con can also be determined using Table 8,2.

Table 8.2

The Values Op ooy (W/m2:°C)] for Pipelines With Forced Movement of the

Surrounding Air

2 1Tapyxunit nnaMetp TpyGonposona, M
CHopocYb BeTpa,
e 1 o3 0.4 0,5 0,6 0,8 1,0 18-
N 5 16,41 14,61 13,50 12,52 11,13 10,24 8,66
10 24:76 22,15 20,43 19,02 16,93 15,48 12,00
15 31,64 28,24 26,04 24,18 21,54 19,72 16,70
20 37,46 33,45 30,91 28,76 25,63 23,43 19,89

KEY:
1. Wind velocity, m/sec
2. External diameter of pipeline, m

In the case of a total calm (VB—-y 0) [Here, as elsewhere, B = air] and for
pipelines protected against exposure to the wind, the coefficient of heat
transfer by convection is determined using the free convection formula

Nus, x=m (GryPra)*

For the conditions of main pipelines the complex GrpPrp > 105.

(8.3a)

In this case the constant coefficients m and k are equal to m = 0,53 and k

= 0,25,

Expanding the parameters NUB, con® ©rp and Prp, the coefficient “B,con

is represented in the form o<B,con = alty - tp) «25,

s, k=28 (ty— o),
where

B;Pungcnlvn )

a=0,53 ( Zvplly
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Table 8.3
Values of a Coefficilent
DN’ m a, w/(mZ,oc)l.ZS
0.05 2,25
_ 0,1 2,09
0.2 2,01
Table 8.4

Physical Properties of Water on Saturation Curve

- . o . ‘ R 1 oe

t*c m-l“n' 1 nnmll,ur-'c B’r/?ﬁ-'c):; n‘:/w ,J Ho/u'iv'n=7°'6 Pre
0 999,87 4,216 \ 3

10 999,73 4,101 82?3 :gg }ggg 13333 ’822
20 998,23 4,183 0,508 143 | 1004 | 1,008 | 702

KEY:

1. kg/m3

2, kJ/kg

3. W/(m+°C)

4, mé/hour

5. Ns/m?2

6. m2/ses

7. Prp

The coefficient a for approximate computations in a broad range of temper-
A ature change (40 t< 40) can be considered constant and be taken from the
data in Table 8.3.

- The coefficient of heat transfer by radiation is determined using formula
(8.2), in which it is assumed that tgyrf gr = ty. The value 013 rad in the
case of forced convection is 3-4 times less than OLp con and 1in this case
it can be assumed approximately that & ’3“3 cone However, in the case of
free convection, which is possible dur:lng winter in the northern regions,
the values ®p con and & p raq are comparable and in the determination
of &p it is necessary to take into account the influence of radiation. It
is admissible to assume that th rad falls in the range 2-5 w (m +°C).

The coefficient of heat transfer of underwater pipelines is the ratio of
- the heat losses of the pipeline averaged along the perimeter and the dif-
- ference in the temperature of the pipe wall and the temperature of the
surrounding water. Its value is found using formulas (8.3) and (8.3a), in
which the corresponding thermophysical characteristics are taken for water
using data from Table 8.4.
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Table 8.5

Some Determined Values of Thermal Conductivity Coefficients of Ground in
Thawed and Frozen States

Kosdduimenr Tennronponognocra
Baammocrs, rpynta, Br/(n.°C)
rover i |3
1 emecTsAy [ 4 ranero 5  wepanoro
6 Tlecox xpyomuit (1—2 )
4 BRoTHNk 10 1,74/1,856 1,9836/1,3456
» ’ 18 2,784 39,1088
8 proxmk . 10 1,276 1,4038
- » 8 (0,251 ) 18 1,072 2,6796
€COX MesIKirlt I¥ ¢peymum )
9 T omat ' 10 2,438 2,5050
» 18 3,500 38,8048
8 puxani . 10 1,74 1,8052
» : . 18 3,364 . 38,5032
10 MHecox cyxoft pasmmmoft kpymuocra 1 0,2668—0,4756 0,2668—0,3828
31 Cynecn, cyrmmmet, nunenatso IpynTH, T8~ 15—20 1,392—1,624 1,74—2,32
_ 288 peMnR
- 12 [Qmema 20-5 0,928—1,392 1,302—1,74
ona - — —
ig eﬁ ' . - 0,6728 -
15 Caer moynnomaenmuit - — 0,2668
Caer ynnotnemmmit : —_ - 0,6728
]:9 Tog copeccosamnuill B pacumenmud Bogolt — — 0,8004
18 Topd mecnpeccosammnis 270—235 0,3596--0,5336 0,3742—0,6612
KEY:
1. Ground

2. Moisture content, 2 of mass of dry matter
3. Ground thermal conductivity coefficient, W/ (m*°C)
1 4, Thawed
) 5. Frozen
6. Coarse sand (1-2 mm)
. Dehse
8. Unconsolidated
9. Fine and medium sand (0,25~1 mm)
10. Dry sand of different granularity
11. Sandy loam, clayey loam, pulverized soil, thawed ground
12, Clay
13. Water
14, Ice
15. Uncompacted snow
16. Compacted snow
17. Pressed peat, water saturated
18. Unpressed peat

It is rather difficult to ascertain the thermophysical characteristics of
the ground because their values vary both in the depth of the ground mass
and along the length of the pipeline trajectory. In addition, the
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- thermophysical characteristics of the ground vary in the course of the
year as a result of the seasonal migration of moisture in the ground, caus-
ed by spring high waters, rains and temperature variation. In addition, the

_ properties of the upper soil layers can even vary during the course of 24
hours as a result of condensation of moisture in the ground pores during
the nighttime hours and its evaporation with an increase in temperature
during the daytime. In addition to these factors, the thermophysical prop-
erties of the ground are influenced considerably by the thermal effect of
the pipeline itself. This is associated with the migration of moisture in
the region of the thermal influence of the pipe, arising due to the temper-
ature gradient between the wall of the pipeline and the near-lying ground
layers. The thermophysical characteristics of the ground -- the thermal
conductivity coefficient (Agr), the coefficient of thermal diffusivity
(agr) and the specific heat capacity (cgr) are determined as a result of
speclal investigations. The measurements are made directly under field
conditions or in the laboratory, In the latter case the ground samples are
taken in special tight boxes retaining their natural moisture content and
are transported to the laboratory. The number of points for measuring the
thermophysical characteristics of the ground along the pipeline route and
the frequency with which the measurements are made are determined by the
requirements on the accuracy in finding Agrs agr and c,,. and are dependent
on the degree of inhomogeneity of ground properties witﬁ depth and strike
of the ground mass,

The )Br’ apr and cgr values, determined under laboratory conditions, must
be correcteg taking into account possible impairments in structure and
changes in the temperature and moisture content of the samples arising in
the process of their sampling, storage, transport and measurements. For
this purpose use 1s made of empirical dependences of the thermophysical
characteristics of the ground on the mentioned factors. The data from
field measurements correspond to the natural conditions of ground bedding
and therefore their correction is not necessary.

On the basis of the results obtained in the course of field investigations
- a summary 1s prepared of the thermophysical characteristics of the ground

along the entire route of the pipeline, which serves as a basis for comput-

ing their mean values for the entire route or individual major segments.

Considerable expenditures of time and money are required for special field
investigations for determining the thermophysical properties of the ground;
therefore they are determined in the planning of a limited number of petrol-
eum pipelines. In those cases when the plan makes no provision for deter-
mining the thermophysical properties of the ground, and also for approx-
imate computations in the stage of technical-economic planning, their val-
ues, depending on ground types, are taken from the data in Table 8.5 or
are computed using the formulas derived by I. Ye. Khodanovich and B. N.
Krivoshein:

thawed sand 10 Arp= — 0,310+ 0,055t +-1,02prp — 0,055¢rp — 0,000636103;
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frozen Band .
1n App ==t — 5,432 -+ 0,002 — 0,0269prp -+ 0,018¢pp — 0,00207w8;

frozen clayey 108M 1jm —1,642--0,0190 —0,0300prp+0,005Ttep;

clay 10 Agp = — 9,652+ 0,241 —0,92prp -+ 0,00trp —0,04410prp — 0,0007wtpp —
—0,021p3, -+0,0045prptrp— 0,00015,, -

[rp = gr(ound)] where ?‘gr is the coefficient of thermal conductivity of
the ground, W/(m+°C); P gy is ground density, tons/m3; w is ground mols~
ture content; tg, is ground temperature, °C.

In order to take into account the thermal influence of a pipeline on the
change in the coefficient of thermal conductivity of the ground, instead
of its value, determined for the conditions of natural bedding of the
ground, in the thermal computations use is made of the computed value, cal=-
culated using the formula

Y f (8.4)
Arp. p= -‘_-_‘-0- S ;'r’ (‘rp) dfrp—os A'p (‘rp) dl'p ’
0

[Fp = gr(ound)] where tg is the ground temperature at the depth of laying
of the pipeline in a natural thermal state; ty is the temperature of the
outer surface of the pipe. With a linear dependence of the thermal conduct-
ivity coefficient on temperature its computed value is equal to the half-
sum of the A gr values, determined for conditions of natural bedding of
the ground anﬁ near the pipe:

[ p = gr(ound)] Agr = 03[ Agp(ty) + Agr(t0)].

The thermophysical characteristics of the thermal insulation are determined
experimentally or are taken from certificate data. In the thermal computa-
tions use is made of the computed value of the thermophysical characteris-
tics of the heat insulation, equal to the half-sum of the values, which
correspond to the temperature of the inner and outer surfaces of the heat-
insulating covering. The values of the thermal conductivity coefficient of
some types of thermal insulation, used in constructing "hot" petroleum
pipelines, are given in Table 8.6.

#8.4, Thermal Regime of Main Pipelines

Computations of the thermal interaction of pipelines with the surrounding
medium are necessary for selecting the method for laying the line, the
pumping method, determination of the power of pumping and thermal stations,
etc., It is particularly important to take into account thermal processes
for petroleum pipelines pumping petroleum in a heated state. The purpose
of the thermal computations for the planning of a main pipeline is to de-
termine the temperature distribution along its length and to estimate ther-
mal losses. Taking into account the data from the thermal computations,

8k
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it is possible to determine the throughput capacity of the pipeline, the
intervals at which pumping (thermal) stations should be placed, the strength
and stabllity of the pipeline can be computed and the type and thickness of
the heat insulation are selected.

In the process of operation of pipelines the results of thermal computations
are used for routine dispatcher control of its operation: finding the safe
time for stopping the "hot" pumping of high-viscosity petroleums, selection
of a method for expulsion of cooled petroleum from a stopped pipeline, es-
timating the optimum variant for starting up a "hot" pipeline and determin-
ing the safe time for shutting down the pumping stations.

The operating regimes for a "hot" pipeline under conditions of start-up and
vperation, stoppage of pumping, changes in volume and temperature of petrol-
eum heating are called transition regimes. They are characterized by a
change in volume and temperature of the petroleum with time from one sta-
tionary state to another. Under these conditions the process of flow of
petroleum through the pipeline and its thermal regime are unsteady. The
reason for the appearance of transition regimes in the operation of "hot"
pipelines can be the planned or accidental shutdown of individual pumps

or pumping stations, heating plants or heat exchangers at thermal stationms,
filling of the pipeline with petroleum during its startup, stoppage of pump-
ing or its renewal, successive pumping of petroleums with different physical
properties, connection or disconnection of petroleunm inlets or outlets along
the pipeline route, seasonal variation of air temperature and thermophysical
properties of the ground. These factors lead to a change in pumping para-
meters: temperature, pressure and flow. A deviation of any of these para-
meters from a stationary state, if there is no special regulation of the
system, leads to a corresponding change in all the others. For example,

with the accidental shutdown of a heating station cold petroleum, having

a higher viscosity in comparison with the heated petroleum, begins to enter
into the pipeline. As a segment of the pipeline is filled with cold oil and
the heated oil is expelled, there i1s an increase in head losses on friction.
For a pipeline with pumping stations equipped with centrifugal pumps, this
automatically leads to a reduction in the flow and an increase in pressure;
the latter can exceed the admissible pregsure set on the basis of pipe
strength. Simultaneously changes in temperature and accordingly pressure and
flow occur as a result of change in the heat losses of the pipeline into the
surrounding medium arising in segments filled with cold petroleum. In addi-
tion, any change in the pumping rate in turn exerts an influence on the dis-
tribution of the temperature of the petroleum along the length of the pipe-
line and with time. The transient regime of pipeline operation continues
until heat exchange in the "pipeline~ground" system attains a new steady
state. The duration of the transient thermal processes can attain several
months, Taking into account the seasonal variation in air and ground tem-
perature, it must be noted that "hot" pipelines virtually always operate
under conditions of variable regimes. However, since the number and nature
of the transient processes are random, the planning of "hot" pipelines is
carried out for stationary operation regimes. For these conditions the
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principal technical and economic indices are selected, as well as the con-
struction and technological decisions. The data from computations of trans-
lent regimes of pipeline operation are taken into account in the operation
i process when determining safe deviation of the pumping parameters from the
nominal values, in selection of the optimum conditions for the transport
of petroleum in the case of breakdown of individual pumping plants and
heating plants, etc. d ST =

Fig. 8.6. Graph of decrease
in temperature along length
of pipeline.

In connection with the development and introduction of automated systems
for control of operation of main pipelines, computations of transient re-
gimes for the operation of "hot" pipelines are being carried out more and
more extensively in the planning stage. The results of such computations
are used in determining the parameters of the automation and telemechan-
ical system of the pipelines, being a component part of the automated sys-
tems for control of operation of main pipelines and in formulating an al-
gorithm for control of operation of pumping and heating stations.

Now we will examine the method for thermal computations of pipelines in
stationary hydraulic and thermal regimes.

Assume that petroleum heated to the temperature tin is fed into the pipeline
through its initial section. Then at some distance x from the beginning of
the pipeline, as a result of heat exchange with the surrounding medium, the
temperature of the petroleum is reduced to t (Fig. 8.6). In order to deter=-
mine the law of temperature decrease in the segment from the beginning of

the pipeline to x we will define an elementary segment with the length dx and
we will examine its thermal balance. According to the principal heat trans-
fer laws, the quantity of heat lost by the petroleum enclosed in an ele-
mentary volume 0.257t DS 1is directly proportional to the temperature drop

At = t - tp, the heat exchange surface JrDodx and is inversely proportional
to the thermal resistance of the surrounding medium. Accordingly, the heat
losses of an elementary volume of petroleum into the surrounding medium

with the temperature tg are . :
dqy==kaDy (¢ —tg) dz,

_ The loss of part of the heat by the petroleum into the surrounding medium
leads to a decrease in its heat content by the value

dq;= —GCu d‘y

where G is the mass flow in the petroleum pipeline.
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If the heat of friction is neglected and no allowance is made for the
phase transitions associated with the crystallization of the paraffin in
the petroleum, in accordance with the law of energy conservation, the dql
and dq2 values must be equal to one another, that is

knDg (t —tg) dz == —Gey d8,

Separating the variables and integrating, we obtain

- . knbDy ty—t
(= in] eI
or )
knD,
t=to+ (—to) oxp | — 2500-s). (8.5)

With x = L, from formula (8.5) we obtain the petroleum temperature at the
end of the pipeline

ok
[K = end] dx=lo+- (ty—-tg) exp (—"%,D:Q'L)'

With a considerable length of the petroleum pipeline (theoretically with x
+ 00 in accordance with (8.5) the petroleum temperature approaches the ambi-

. ent temperature, equal to the ground temperature at the depth of laying of
the pipe in a natural thermal state in the case of placement underground
or equal to the air temperature if the pipe is laid above the ground.

Equation (8.5) was derived for the first time by V. G. Shukhov and the equa-
tion has been given his name. It glves satisfactory results for a consider-
able range of vperation of the pipelines and therefore these results are
used extensively in thermal computations. The accuracy of the computations
using formula (8.5) to a considerable degree is dependent on the reliabil-
ity in determining the total heat transfer coefficient.

V. G. Shukhov proposed that the k value be determined experimentally in
operating pipelines and that these results be applied to planned systems,
We can allow such an approach if k is determined directly for an operating
pipeline or for a pipeline for which the conditions are similar to an al-
ready operating pipeline, for example, when laying it parallel to the oper-
ating pipeline at a short distance from it. Then, using operational data,
the heat transfer coefficient can be determined using an expression which
follows from (8.5): - - -

k= GCL In _‘H"“ﬂ_ .
[K = end; H = in] DL tx—to

In a general case, however, k must be determined using formula (8.1) or
(8.1a). When transporting petroleum with a high paraffin content it is
necessary to take into account the paraffin crystallization effect. From
the initial temperature tin to the temperature of onset of paraffin crys-
tallization ty, par the cooling of the petroleum occurs in accordance with
the V. G. Shukhov law. With further cooling the heat losses are partially
compensated by the released heat of crystallization of the paraffin,
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If it is assumed that the quantity of crystallizing paraffin is proportion-
al to the temperature decrease, the quantity of heat released due to crys-
tallization for the elementary segment dx is equal to Gex

b, n—t, dt,

[H, ™ = in, par] where € is the paraffin concentration (in fractions of
unity), released from the petroleum with a decrease in temperature from
tin, ar t0 t e ; te 1s any temperature for which € 1s known; X is the
lateng ﬁeat of paraffin crystallization.

Then, writing the heat balance for an elementary segment and solving the
initial equation, for )}, <xgL we obtain

[H, 7 = in, par] o for (ty, n—ta) oxp | — g (e—1p) | (8.52)

k
Gewy

where cup=eu+ Ot/ (tn, n—1,);
9..1 is the distance over which the petroleum temperature decreases from tip
to tin, par® determined using the V. G. Shukhov formula,

With the pumping of viscous petroleums in a heated state there are cases
possible when in the initifal segment of the pipeline there will be a tur-
bulent regime, whereas in the end segment, as a result of petroleum cool-
ing there will be a laminar regime, As is well known, the regime of liquid
movement is characterized by the Reynolds number, The transition from one
regime to the other occurs at the so-called critical Reynolds number Re.r.
It has been established that for heated petroleums Re,r = 1000-2000; for
highly paraffinic petroleums Re.y is closer to the lower value, whereas for
viscous petroleums with a low paraffin content it is closer to the upper
limit. Since Regcy = 4Q/TTDg Vor, then Ver = 4Q/3 DORecr. The Vr value
determines the temperature tgy at which there is a change in the flow re-
gime. In this case tor can be estimated using both graphic and analytical
dependences. For example, using the Filonov-Reynolds formula, we obtain

[KP = cr] ,K,=,o+.jﬂ,,ﬂf_’%“m, (8.6)
Substituting the t,,. value from (8.6) into the Shukhov formula and denoting
the Shukhov parameter for a turbulent regime as Shup = k¢31DQL/Qp cy, we
obtain T .

tu—1o

L
0 =Ty, ln txp—to
[KP =cr; T=T; H= in; My = Shu] (8.7)

Accordingly, in the segment O x€ Xcr the regime of petroleum flow is tur=-
bulent, whereas with x.,.£ x<L it is laminar. Computations of temperature
in both segments are made using formula (8.5), in which the k value is de-
termined for the conditions of laminar and turbulent flow regimes respec-
tively’

Knowing the lengths of segments with different liquid flow regimes, it is
possible to estimate the total head losses in the pipeline by summing the
head losses in both segments in the form hg = hyp + hiap.
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With allowance for the release of heat due to friction the heat balance
of a segment of the pipeline is written in the form

knD (¢ —tg) d2== Qpe dt-- Qpi dz,
where 1 ig the hydraulic slope.

Separating the variables, we obtain

RN : ‘
[H = in(itial)] A = (8.8)
or ¢=zo+b+(¢u_—to—b)ein(—‘u),o

where knD , Opt

=Gt P=mp"

Comparing the derived expression with the V. G. Shukhov formula, we find
that the increment in the petroleum temperature with allowance for the heat
of friction is equal to

A=b (1—e=3),
With x-»©0 the maximum error is Dpax = b

For a petroleum pipeline with different values of the heat transfer coef-
ficients kj in individual segments with the length lj, on the basis of
(8.5) it is possible to write:

{H = in; K = end] lu-‘;T:To-—- Upe

Noting that (tin)j41 = tend § 8nd tyn § = (tend)j-1» and adding by terms,
we obtain :

n v

tyy—1to _ D '
[H = iﬂ; K= end] ‘ln tkn—"%o - Ope ,_zlkl“‘ v
where j is the sequence number of the segment; n is the number of segments.
If on a pipeline with heating stations the distance between the stations is
L, the heat transfer coefficients k in the segments and the 6 value by which
- the petroleum temperature is increased at the stations are identical, for
the first segment between the thermal stations it is possible to write:
[H = in; K = end] ter=to+ (tna—to) exp (—al).

For the second segment, taking into account that at the second station the
petroleum temperature 1s increased by 8,

[K = end] txa=to+ (tx1 -+ 0—1o) exp (—aL).

Substituting into the latter expression the tgnq 1 value from the pre-eding
expression, we obtain

ta=ta-+ (tm—10) exp (—20L)+ D oxp (—aL).
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Similarly determining the temperature in successive sagments, we find the
temperature at the end of the pipeline

“bem =t (s — o) €xp (—naL)4- 0 {exp (—aL)~0xp (—2aL)++ . .+oxp (1—n) oL},
Since a geometric progression 48 written in brackets ; then
Atk S R PUT

K=end; H= 141 myel 7T
[ ends n] tx n = to+ (tia—20) exp (—nal)+0 1

k4 .

In the case of large n values

twa=tot T T
[K = end] et —1

{#8.5. Hydraulic Regime of "Hot" Petroleum Pipelines

The hydraulic regime of a "hot" petroleum pipeline is determined to a con-
erable degree by the conditions for its heat exchange with the surrounding
medium. With an increase in the temperature of the transported petroleum
there is a decrease in its viscosity and a decrease in head losses. With

a decrease in temperature the reverse picture is observed. The temperature
regime of the petroleum pipeline in turn is dependent on the pumping volume,
the conditions for the transfer of heat from the petroleum into the surround-
ing medium, meteorological conditions and other factors. In the preceding
sections analytical dependences were obtained for taking into account the
influence of these factors on the distribution of petroleum temperature
along the length of the pipeline and its thermal losses. Using these de-
pendences, it is possible to determine the distribution of pressure along
the length of the pipeline transporting highly viscous petroleum in a heat-
ed state and estimate the head losses on its pumping.

Since the temperature, and accordingly, the viscosity in a "hot" pipeline

operating under stationary conditions change with length, for finding losses
in it one can use the Darcy-Leybenzon equation in differential form:

dH:ﬁg—Egm:—A,d:+dh, (8.9)
o - :

s L .

: 'L 4 o

B-’%F'—TS v™ (2) A, (z) dz Ak, (8.10)
: N .

where Ah is the difference in the geodetic readings of the beginning and
end of the pipeline.

hence

The A, value is the correction for the nonisothermicity of the flrew in a
- radial direction. If the Ayr coefficient is considered constant along the
entire length of the pipeline, the integral on the right-hand side of the
latter expression has the sense of the mean integral petroleum viscosity:
L
[cp = mean] vg’;:-z—Svm(z)dz.
: [
Then the head losses on the pumping of a heated highly viscous petroleum
are
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2=m,,m

Q
ll-nﬁ—;)-;-_-:,-"l-A,L-}-Ah.
0

This expression with A, = 1 coincides with the Darcy-Weisbach formula for
determining the head losses on the pumping of petroleum with the viscosity
Vhean under isothermic conditions.

The Vpean value is determined by the temperature conditions of transport
and the viscosity-temperature dependence of the particular petroleum. We
will assume a petroleum-temperature distribution using the V., G. Shukhov
formula, and the dependence Vv V(t) using the Filonov-Reynolds formula.
Then T ' ‘

L
v;';.;-%: s 0xp (-~ umtg) oxp [ ~-um (4 — to) oxp (—az)] dx,

[cp = mean; H = {n] *

After integration, taking into account that

X3

V
§ S bt =Bt (=),

Xy
we obtain

o L _
( H=1 ]”5"»=%,‘°xplum(t..—to)l(Eil—um('u—'o)"‘f‘l‘""‘("'—“‘)"“"_“"“"
cp = mean; H = in

where Ei(x) 1s an integral exponential function.

Multiplying the right-hand side of the latter expression by Vin/[Vjp exp
(~utin)] = 1, we find . B}

[cp = mean; H = in]vg;:_:L:_exp[um(l“_[o)“Ex[—um(lu—to)]—-Ei[-—um(tn—‘o)“l’(—“[l)”

or

Loy ’ .
Vep= :—2 exp [um (ty—to)] {EL [—um (ty—1t0)] —Ei | —um (tn—td}).

We use the notation

_oxp fum (tu—to)] {Ei [—um (ty—to)]—Et [ —um (ta— 1]},

[H= in; K = end] A A
Then

m= mA,
[cPp = mean; H = in] Vep = Vn

Thus, the A) coefficlent characterizes the deviation of petroleum viscosity,
and accordingly, the hydraulic losses from the values corresponding to iso-
thermic conditions when t = tin. Taking the results into account, the head
losses in the pumping of heated highly viscous petroleum are
()""‘&}." . R
Di-"

H=p A,Ar+Ah. (8.11)
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The head distribution along the length of the pipeline in this case is
Oi'mv::‘A’: °XP[“';'(‘M~'0)I .
a

H=Hy—p —Fvom {Et [~um (ty—to)]—Et [—um (8y—to) exp (—az)]). (8+118)
0

An analysis of the latter formula shows that the head distribution along
the length of the pipeline has a parabolic nature, whereas under isothermic
conditions it is linear. The deviation from a linear distribution is asso-
clated with an increase in the viscosity of the petroleum as a result of
its cooling. The rate of head decrease increases in the final segments.

With high values tj, - tg and small tg 4 - to
- (H = in] . Et[—um (ta—to)] ~ 0

that 1s, under these conditions the main resistance to movement of the flow
i8 created by the "cold" end of the pipeline.

In droplet liquids not all the physical properties change identically with
temperature. In the section there is the strongest change in viscosity

B/ Pg; density Py/ Pg changes far less, as do thermal conductivity A,/ Af
and heat capacity cy/ce. A change in the temperature heads ty - tf in a.
section of the pipeline leads to a change in the velocity profile since

the greatest change is in viscosity and as a result of this, leads to an
additional change in the temperature profile. The changes in the velocity
profile will be greater in laminar flows and less in turbulent flows.
Usually the change in head in dependence on inhomogeneity of the flow in
the diameter involves allowance for the change in viscosity and allowance
for distortion of the temperature and velocity fields as a result of heat

transfer by the factor Ar. For A, we use the dependence A vw)i
r=e '7 4

where & and & are coefficients, for laminar flow €= 0.9 and L=1/3 - 1/4,
and for turbulent flow £=1 and £ = 0; Vy is the viscosity of petroleum
for the mean wall temperature of the pipeline ty pean; Vf is thé viscosity
of the petroleum with a mean flow temperature tf mean,
' ty—1
[cp = mean; H = in; K = end] tpep=to+ Tr—ter tr—Tol)"
where topd 18 determined using formula (8.5).
: The t; pean value is computed using the expression
- @
[cp = mean] twep=tpcp—(tf cp—2o) ‘f
Taking into account the change in petroleum temperature along the length

of the pipeline by the V., G. Shukhov method, and the change in viscosity
by the Reynolds method, we obtain
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A"'=%¢_p'“ ‘p{s o (fnl—fo)(i-f-e\p(—a[,)]}:

= oxp {5l — 0+ el
[cp = mean; CT = st; H = in; K = end]

Earlier the Ayr coefficient was determined for the mean temperature along
the length of the pipeline. If the A , value is assigned to an elementary
segment, integration of (8.9) will give the following result.

A=A, = EEML! L‘l[-—-u( -3-3-)(1“—:,,)]—5‘1[ (m-—-—)(fr—fo)] (8.12)

[H=in; K = end]

In those cases when there are two flow regimes in the pipeline -~ laminar at
the beginning and turbulent at the end -~ the losses for the two segments
are determined separately. The lengths of the segments are found using the
formulas cited earlier.

The reliability of the computed data is dependent to a considerable degree
on the accuracy in approximating the viscosity-temperature dependence ’}/(t)
Therefore, for more precise computations it is soundest to employ a numer-
ical method for determining the head losses on the pumping of heated pet-
roleums. In this case the pipeline is broken down into M segments (] = 1,
2,0043M), in the 1limits of which the petroleum viscosity with a stipulated
- accuracy is considered to be constant and equal to its mean value. Then
it can be written 3-mym

H= Dby~ 1) (8,4 b
[cp = mean] . ,_El ds " ’ a

where the subscript j denotes that this paramecer applies to the j~th seg-

ment with the length }j. oC = héating otation

3 . HC = pumping station

H

0

. tH = tin-

tK = .tfin
Sl NN
~ -~ ,'_3 \'l-—'

S N R | z

I 1 pig

Fig. 8.7. Positioning of pumping and Fig. 8.8. Head characteristic of
heating stations and ~lso curves of "hot" pipeline.

decrease of head and temperature in

open lines. [H = in; K = end]
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In the solution of technical and economic problems it is better to use
analytical dependences, for example, for investigating the influence of
different factors on the technological and energy indices of petroleum
transport systems. With an identical number of pumping and heating sta-
tions the curves of decrease in temperature and head have the shape shown
in Fig. 8.7. Each petroleum temperature corresponds to a very definite hy-
draulic slope. The number of pumping stations is limited by the maximum
head which the pipes and pumps can withstand and the number of heating
statlons is limiced by the maximum admissible heating temperature.

The graphic head characteristic curve for a “hot" pipeline describing the
dependence Q-H, in accordance with the derived formula for head losses in
friction, has the form shown in Fig. 8.8.

The head characteristic curve can be divided by vertical straight lines
into three zones. In zone I of small flows the slowly moving petroleum

- can be cooled even in the initial segment of the pipeline to a temperature
close to the temperature of the surrounding medium and in the remaining
greater part of the pipeline there is movement of cold petroleum with a
virtually constant high viscosity. Graphically in this zone the head
characteristic curve has the shape of a straight line with a great slope

to the x~axis due to the high viscosity. In zone III of great flows, the
petroleum, moving with a great velocity, can pass through to the end of

the pipeline, still retaining a high temperature. Since the mean tempera-
ture of the flow iu this zone is high, the head characteristic curve has
the shape of a straight line (laminar regime) with a far lesser slope to
the x-axis than in the first zone due to the low viscosity of the petrol-
eum. In zone II the head losses increase with a decrease in the flow.

This is attributable to the fact that with a decrease of flow in this zone
(zone of intermediate flows), and accordingly, with a decrease in the velo-
city of movement of the petroleum,each of its portions remains longer in
the pipeline and can cool more. As a result, there is a decrease in the
mean temperature and an increase in the mean viscosity of the petroleum;
the relative increase in viscosity in this zone is greater than the rela-
tive decrease in flow and this leads to an increase in head losses with a
decrease in the flow. Only zone III with relatively great flows is a work-
ing zone. Zone I is a nonworking zone, because with these same heads the
flows here will be several times less than in zone III. If the head loss

at the point of transition from zone I into zone II exceeds the maximum
head developed by the pumping station, when the working point of the pump-
ing station - pipeline falls in zone II, being unstable, the flow will

be reduced spontaneously and finally the working point will enter into zone
1. For practical purposes this means a stoppage of the pipeline because the
flow becomes very small,

1f for any reasons the working point of the 'hot" pipeline has approached

the boundary of zone II or has already passed into this zone, it can be re-
turned to working zone III by one of the following methods:
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1) by rapidly increasing the heating temperature of the petroleum;

2) by rapidly increasing the head at the stations by starting up additional
pumps

3) by beginning the pumping into the pipeline of a less viscous product
without lowering the petroleum heating temperature,

1f the pumping station can develop a head exceeding the maximum head loss-
es at the boundary of zones I and II, these losses not exceeding the admis-
sible head as governed by the strength of the pipeline and the equipment

at the station, the return from zone I to zone III presents no difficulties.

\)

Fig. 8.9. Schematic diagram of radiant-convection network.
#8,6, Equipment for Heating Petroleum

Pumping-heating and heating (thermal) stations are outfitted with heaters
of different designs for heating petroleum and petroleum products. In a
case when at the head station on the pipeline the viscous product (such as
mazut) is fed from the installations of a petroleum refinery in a hot state,
at the head station it is possible to get by without heating plants. The
tanke at the head station are heated by tubular heaters (coils or sections)
for preliminary heating of the petroleum. The purpose of this heating is
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to reduce petroleum viscosity to the level adequate for its evacuation
from the tank with a stipulatad flow rate. The heating in the tank to

the temperature of pumping through the pipeline is infeasible due to the
great heat losses from the tank walls into the surrounding medium and an
increase in the losses of light fractions due to intensified evaporation
during heating. As the heat carrier use is made of ordinary water vapor.
In order to lessen the heat losses the tank can be supplied with heat in-
sulation.

lleating to a pumping temperature is accomplished in steam or fired heaters.

Multipass heat exchangers with a-floating head are now increasingly coming
into the widest uee in steam heaters, In these the petroleum passes through
pipes and the steam passes through the space outside the pipes. Such a dis-
tribution of flows increases the heat transfer coefficient and decreases
the dimensions of the heat exchanger. Usually there are several heat ex-
changers at the station; they can be cut in either in series or in parallel.
Most frequently they are used in-parallel, making it possible in broad lim-
its to regulate the temperature of petroleum heating.

During the time of operation of the heat exchangers, in addition to monitor-
ing the petroleum temperature it is necessary to monitor carefully the
purity of the condensate emerging from the heaters. The entry of petroleum
into a heat exchanger is evidence that the heat exchanger is malfunctioning.
in this case the entry of petroleum into the heat exchanger must be stopped
at once. On "hot" pipelines extensive use is also made of fired heaters

(for the first time in the USSR on the Uzen'-Gur' yev-Kuybyshev pipeline).
They constitute furnaces the fuel for which can be gas or the pumped pro-
duct or petroleum.

Figure 8.9 shows a schematic diagram of a radiant-convection furnace for
the heating of petroleum, the design of which was developed by the Gipro-
neftemash combine. All the space in the furnace, mounted in the metallic
housing 1, is divided into two zones: radiant I and convection II. The ra-
diant zone in turn is divided into two parts by a wall 2 made of refractory
brick, arranged along the axis of the furnace. In the lower part of the
furnace there are six nozzles 5 with air spraying of fuel, On the Uzen'-
Gur'yev-Kuybyshev pipeline the fuel is the petroleum which is transported.
However, the nozzles are gas-mazut, which makes it possible to burn gaseous
fuel with their assistance as well, The air is fed to the nozzles through
the air line 6. In order to prevent destruction of the furnace from the
"boom" occurring when fuel is fed again after a brief interruption, the
furnace has air releases 3, whose covers 15 fly off when there is a shock
wave.

In the radiant zone the pipes 11 of the coil through which the petroleum
flows are laid on supports 4. In this zone the heating of the petroleum
occurs for the most part due to the radiant energy of the flare. The com—
bustion products then pass into the convective zone, where the transfer of
96
FOR OFFICIAE USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040027-7

FOR OFFICIAL USE ONLY

heat to the petroleum flowing through the pipes is accomplished Ly means
of convection, From the convective zone in the furnace the combustion pro-
ducts are ejected into the atmosphere through the stack 8. The regulation
;f rarefaction (draft) in the furnace 1s accomplished by means of a gate

The coiled tubes are secured in the convective zone in the middle 9 and
end 10 tube lattices. The furnace walls are covered on the inside by the
refractory brickwork 13 and on the outside by the thermal insulation 12.
There is a ladder 14 for servicing the furnace, whose height without the
stack attains 10.5 m. In order to observe the condition of the convective
pipes and for their cleaning when there is an accumulation of soot, which
considerably reduces the heat transfer coefficient, provision is made

for hatches with covers 16,

The system of monitoring and automation instruments enables the operator
to watch over the process of heating of the petroleum and ensures auto-
matic protection of the furnace when there is deviation from the stipulat-
ed technological regime, The presence of servicing personnel during opera-
tion of the furnace is mandatory. The throughput capacity of one furnace
is 600 m3/hour; the petroleum is heated from 30 to 65°C. The maximum work-
ing pressure of the petroleum upon entry into the coil must not exceed

6.5 MPa. The furnace heat productivity is 10 500 KW and the efficiency
attains 0,77, evidence of its high thermal efficiency.

The heating of petroleum only at certain points (at pumping-heating sta-
tions and heating stations) imposes limitations on the design and opera-
tional flexibility of the "hot" pipelines. Thus, due to the limitation

on the temperature of petroleum heating by the conditions for normal opera=
tion of the heat exchange apparatus, in a number of cases the calculated
distance between the heating stations can be short, which forces an in-
crease in their number and accordingly leads to an increase in the capital
expenditures. A prolonged stoppage of pumping can result in a congealing

of the petroleum in the pipeline and in this case a renewal of pumping
involves great expenditures.

These shortcomings can be eliminated by the use of en-route heating of the
"hot" pipeline. Such en-route heating by means of satellite pipelines has
definitely begun to be used. These satellite pipelines are small in dia-
meter and hot water is pumped through; these lines are laid parallel to
the pipeline and adjacent to it (a common heat-insulating covering is ap-
plied to the petroleum pipeline and the hot water line). Such a system

for en-route heating is employed, for example, in one of the pipelines for
the transport of highly congealing petroleum in Indonesia.

Electric heating of the pipeline with use of the skin effect is promising.
As 1s well known, when an alternating current is passed through a steel
pipe the current is not distributed uniformly through the section of the
pipe wall, but due to the skin effect is concentrated near the inner sur-
face of the pipe. The intensity oﬂgfurrent concentration is dependent on
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the frequency of the latter. However, due to the high conductivity of the
steel the skin effect is manifested in it to a high degree even at indus-
trial frequencies, For example, at a frequency of 50 Hz the depth of

the skin effect (the fundamental index of intensity of this phenomenon,
showing what thickness of the metal, measured from its surface, bounds
the zone of current passage) in the case of Pteel is only 1 mm,

'0

3
Fig. 8.10, Diagram of heating of pipeline by means of skin effect.

- Figure 8.10 is a diagram of the system for heating a pipeline by means of
the skin effect. A heating pipe 2 with a diameter of 6-40 mm lies flush
against the petroleum pipeline 1., Within the heating pipe there is an in-
ternal copper cable 3 with a cross section of the conductors §-60 mZ, The
cable has a heat-resistant insulation. A source of alternating current of
an industrial frequency is connected at one end to the internal cable and at
the other end to a second cable %, whose other end is connected to the heat-
ing pipe. The second end of the internal cable is connected to the end of
the heating pipe opposite the current source.

Since the electric current is concentrated in a very small cross-sectional
zone in the pipe, its resistivity increases and a great quantity of heat
is released. Usually 80-90% of the total quantity of heat released in the
circult is generated in the heating pipe, whereas the remaining quantity
is generated in the internal cable., The petroleum pipeline and the heating
pipe are covered by a common heat insulation. The heating line is welded
to the pipeline and the heat generated in the heating line freely passes
into the petroleum pipeline., At the zame time, since the current passes

- only along the internal surface of the heating line it can be grounded.

Such a system of en-route heating has a high efficiency since the heat
from both the heating pipe and from the internal cable is expended on

the heating of the petroleum pipeline. According to test data, the differ-
ence in temperatures between the heating pipe and the petroleum pipeline
does not exceed 10°C, the heat yield is 15-150 W per 1 m of length for one
heating pipe. Several heating lines can be laid next to large-diameter
pipelines.

#8.7. Heat-Insulated Pipelines
In some cases in order to increase the economy of operation of "hot" pipe-

1ines it can be desirable to cover them by heat insulation. The heat insul-
ation reduces the heat loss by the pumped product; this makes it possible
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to reduce the number of heating stations. The proper choice of the material,
design and thickneas of the thermal insulation plays an important role in
increasing the economy of a "hot" pipeline.

Usually the material and design of the thermal insulation are selected first

. and then the next step is determination of the thickness. The solution of
the latter problem is dependent on the adopted optimality criterion or the

- condition which the decision must satisfy (economic criteria, inadmissibil-

: ity of congealing of the product during stoppages of a definite duration,
stipulated heat losses). The materials used for heat insulation must have
the following properties: minimum heat conductivity coefficient, low mois-
ture capacity and hygroscopicity, low density, absence of chemical interac-
tion with the surface of the pipeline, incombustibility, biological inertie
with respect to fungi, parasites and rodents, heat resistance, capacity for
withstanding multiple coolings and heatings, strength, longevity and uni-
formity. In addition, when selecting the heat insulating material an effort
must be made to satisfy a number of additional requirements, Thus, the ex-
penditures on insulation must be low and pay for themselves quickly; the
installation of the insulation must be convenient and reliable. Usually it
is not possible to satisfy all the requirements mentioned above. Many of
the requirements imposed on the insulation of pipelines are satisfied by
insulation of foam polyurethane covered by synthetic films. The principal
characteristics of the heat-insulating materials produced by Soviet indus-
try are given in Table 8.6,

The determination of the optimum thickness of the insulation is a technical-
economic problem and in a general case is extremely complex since it is
necessary to optimize several parameters in addition to thickness: tempera-

- tures at the input and output from the heating stations, number of heating
and pumping stations, etc. However, in actual practice, taking into account
the experience in planning and operating "hot" pipelines, the optimization
problem can be simplified.

In many cases the heating temperature ti, of the petroleum at the thermal.
stations 1s adopted on the basis of experience in operating similar pipe-
lines or the maximum admissible temperature set by technological limita-
tions (beginning of acceleration of petroleum, clogging-up of the pipes in
heat exchange apparatus and others); the final temperature tg,q at the end
of the run between heating (thermal) stations is assumed for highly congeal-
ing petroleums to be 3-5°C above the congealing point, whereas for high-vis-
cosity petroleums it is adopted on the basis of experience in operating
similar pipelines. Accordingly, the heat losses are stipulated in the rums
between heating stations. Investigations have shown that the minimum ex-
penditure (mass) of insulation will be used in this case when the thickness
of the insulation along the entire length of the run is constant. With an
increase in the thickness of the insulation there is an increase in the cap-
ital and operational expenditures on insulation, but at the same time there
is a decrease in heat losses and accordingly a decrease in the necessary
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number of heating stations and expenditures on these stations. With a de-
crease in the thickness of the insulation there is a corresponding de-
crease in the expenditures on insulation, but at the same time due to an
increase in the heat losses there ls an increase in the number of heating
stations and the expenditures on them. The optimum variant will be one for
which the sum of the reduced expenditures on heat insulation and heating
stations will be minimum.

The nece’ssary number of heating stations n for pipelines of the length L
and the diameter Dy in accordance with the V. G. Shukhov formula is

- nkDobs
MLy = Shul v Gty "

where, in accordance with (8.5) and (8.1)

Mys=ln tu—to
(Ily = Shu; H = in; K = end] | ¥ tx—1to
and .
S | 1 Dy 1 D 1 o
kDo = a,Dn + 2}-1( ln-D_o+ ﬁx. In ._D“T: + agDu. ’ \8. 148.)

[M = metal; M3= insul(ation)]
where Ay and Ajpgyl are the thermal conductivity coetficients for the

metal in the pipeline and the insulation; Dy and Dy are the internal and
external diameters of the pipeline:

Dinsul ™ Dy + 28 ynsuls
8 insu1l 18 the insulation thickness.
For underground pipelines the external heat transfer coefficient can be de-

termined with some simplifications using the formula
2rp

- e U3 = ag == Iy A ’ Kk
[Fp = gr(ound); H3 = insul) Dus (10 By + 50 , (8.13)

where 7\8,_. is the ground therma) conductivity coefficient; H is the depth
of placement of the pipeline to its axis; oy is the coefficient of heat
transfer from the ground surface into the air [®¢g = 10-18 W/ (m2-°C) 1.

Since the thermal resistance at the petroleum-pipe discontinuity and the
resistance of the pipe metal are insignificant in comparison with the
thermal resistance of the insulation and ground, the first two terms in
(8.12a) can be neglected and after substitution of (8.13) into (8.12a) we
obtain . o T T
m~A+Bln Dus,
[H3 = insul(ation)] :
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where 4 "'ﬁia'i' -ﬁ‘—lnw —-5‘1-'-.-111 Dyi

{#d = insul; rp = griound)] B""(T" T')

Then the necessary number of heating stations is

‘1l i

(My = Shu; ¥3 = insul] n =Gy AFEE Doy -

The heat expenditure on heating of the pumped petroleum at each heating sta-
tion is

t

[T = heat; H = in; K = end] Q= Qpeu (tu—txhs

The heating surface of the heating plant is determined as

PeZp,

[T = heat; p = res(erve)] Ty P

where qp 1s the thermal stress of the heating surface; Nt is the effic-
iency of the heating plants; kreg 18 the coefficlent of reserve of the heat-
ing equipment.

The cost of constructing the heating stations is

[CT = cost; Iy = Shu; H = in; T = heat; M3 = insul; K = end]
nLkp (ty—ty) Cr 1
K"=. qusllly “A+BInDg '

where Chegt 18 the cost of constructing the heating plants, related to a unit
heating surface of the plant.

The operational expenditures for a heacing etation can be represented in the

form
.9“=a.'K"+qn-g-a,n .2._%:1".)_, )
{CT = cost; H= in; K = end] ' " '

where o' are the annual costs for current maintenance and amortization in
fractions of unity; aj) are the annual wages allocated for one heating sta-

tion; ap are the expenditures for water, fuel, lubricants, etc. per unit
of station thermal power.

Then the reduced expendituree for heating stations are

M
[CT = cost; H3 = insul] Seo=ERatIea=F gD, '
_nb(ta—t) , kG +o
where M iy [(a’+E; qrllr + Qpeu (fu—‘x) + :l

[H = in; K = end; IiLy = Shu; T = heat]
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E is the standard coefficlent of effectiveress of capital investments.

Next we take into account the expenditures on insulation. The capital ex-
penditures are represented in the form

(43 = insul] Kn-vn‘ﬂllc""’% Dal"‘DI%') LpusCus:

where Vyngyl 18 the volume of insulation; Pyng.,) 18 the density of insul-
ation; Cyngyl 18 the cost of a unit mass of insulation, including expend-
itures on its installation.

The operational expenditures on the maintenance of insulation are
["3" 11’18!]1] ’ Qn—ﬂxxu'*'bl' '

where ﬁﬁ are the costs for amortization and current repair of the thermal
insulation in fractions of unity; by are expenditures not dependent on the
pipeline parameters.

Then the reduced expenditures on thermal insulation are

Suswm (E+P1) -’} (D3s— D3;)'LownsCrs+ b1
The total reduced expenditures are

M 1
E: Sem ATBD, +J‘!;D“+M1.
where ;

- Mlui‘l- (E+B1) %Lpuacnt

My are the remaining terms, not dependent on the thickness of the insula-
tion,

Equating ajis/a Dyhgul to zero, we obtain an algebraic equation relative to

Dinsul MB \0:8
Dys(A-+Blo Dus)= (m ’

which is solved numerically or graphically.,

It follows from an analysis of the equation that the optimum thickness of
the thermal insulation is not dependent on the length of the pipeline and
the viscosity of the pumped 1liquid; it decreases with an increase in the
depth of laying the line, diameter, throughput capacity of the pipeline,
cost of the insulation, and increases with an increase in the coefficients
of thermal conductivity of the ground and insulation.

If we are considering the cyclic operation of "hot" pipelines, it is neces~
sary to carry out checking computations in order to select insulation of
such a thicknees as would make it possible after stoppage for a stipulated
time to resume pumping without complications or to estimate the time of
possible stoppage of ti.e pipeline having a particular thickness of the
insulation for which the petroleum product along its entire length is not
cooled below the stipulated temperature.
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##8.8. Pumping of Petroleums Which are Non-Newtonian Liquids

As mentioned in #8.1, the flow of paraffinic petroleums and petroleum
products can with some approximation be described by the equation

e
["n= pl(astic)] . T-‘I’o'-'llnn'al':;' (8.14)
the so~called Bingham equation,

?uch petroleums are non-Newtonian liquids and can be classified as Bingham
luidB.

For a cylinder in a flow of liquid, whose axis coincides with the axis of
the pipel;Lne. we can write the following dependence between the force act-
ing on the cylinder and the stress at the cylinder surface (Fig. 8.11):

pprrtemdnely, (8.15)

where Ap is the drop in pressures acting on the ends of the cvlinder; r
is cylinder radius; ) is the length of the pipeline.

It follows from (8.15) that .
L . (8.16)

Substituting the “© value into (8.14), after transformation we obtain an
expression for the velocity of the flow at the distance r from the axis
of the pipeline : - - S
1 Apr 1 (Aprd
ID-S'—' Non (T"fo) dr=—m 4l —Tol')-l-Cr (8'17)
[wN = pl(astic)] ' 1 "¢ ApRs
o "0 ""°")'
The integration constant C is determined from the condition of attachment
of the liquid on the wall (absence of slipping), that is, when r = R and
w= 0:

[wh = pl(astic)] a ‘ 2 -

o=

A 2 [ ST
B el
L/,

Fig. 8.11. Curves illustrating shearing stresses (a) and velocities (b)
in cross section of Bingham liquid £low.

Substituting the C value into (8.17), we obtain

[ A2t

“ 8.18
Non Y] —To (R—l’)]o ( )
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Figure 8.1l shows a shearing stressed curve constructed in accordance with
(8.16) for the cross section of the flow. These stresses decrease from a
maximum value on the pipeline wall to zero on the axis. When these stress-
es are equal to or less than the yield point T there 1s no shear between
the concentric layers of flow and accordingly the "nucleus" of the flow
moves as a solid body. The radius rg of this nucleus is determined by the
substitution of €= T into (8.16): 2t -
0
ro="3p -

(8,19)

The velocity of the nucleus Wque 18 determined by the substitution of the
rg value from (8,19) into (8.18): . -
Wy Ap (R—ro).
[A = nuc] K
Figure 8.11 shows the curve of flow velocities of a Bingham liquid in which

the nucleus moves as a solid body and the liquid surrounding the nucleus
flows in a laminar regime. Such a flow is called structured flow.

The discharge for a structured flow cen be determined from the expression
[ = nuc] Q-\? 20r drw 4-nrws, (8.20)
Substituting the w and wpuc values founrc.l above into (8.20), .afg:er integra-
tion we obtain J ” T -

(= pl(astic)] e[ 4 e+s(mr) ) o
This equation was derived by Buckingham in 1921,

It follows from (8.19) that the lesser the pressure drops in the pipeline,

the greater is the radius of the nucleus rg. With a definite pressure drop

the radius of the nucleus becomes equal to the internal radius of the pipe-
- line R —- this is the minimum pressure drop at which the 1liquid still moves.

This pressure drop is equal to
217
Apo="F (8.22)

From (8.21) and (8.22) we obtain another form of the Buckingham equation:

) ' « nApRé 4"pg o 1 (Bpo¢
(W= pl(astic)] Q-m‘—-[i-';;‘_ﬁ"" 3 (Ap ) ]'

The Buckingham equation relates the flow to the pressure loss for a Bingham
1iquid in a horizontal pipeline. Flow is usually stipulated and it is neces-
sary to determine the corresponding pressure loss, which can be done using
the Buckingham formula only by means of geveral. iterations. Since in many
cases Apo is considerably less than Ap, the third term in the brackets

in these cases can be neglected, which somewhat simplifies the determina-

= tion of pressure loss Ap.
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As might be expected, when Tg = Apy = O the Buckingham equation is trans-
formed into a computation formula for a laminar regime -~ the Poiseuille
equation

#8.9. Optimum Heating Temperature

In contrast to isothermic pipelines, where in the plannirg it is neces-

sary to optimize only the diameter of the pipeline and the pressure at the

output from the pumping station, in the planning of a "hot" pipeline it is
necessary to optimize a great number of parameters: the diameter of the

pipeline, the temperature at the heater ipput and output, the number of -
pumping-heating stations, heating stations and pumping stations, etc. '

It seems impossible to solve this problem in general form, analytically, ob-
taining dependences by means of which it would be possible Lo compute the

values of parameters suitable for practical use. In each specific case ©
this problem must be solved by a comparison with respect to the economic

indices of the entire complex of variants which are feasible on a practical

basis. Due to the great volume of computations, and also the considerable

number of variants, it is desirable that electronic computers be used in

selecting the optimum parameters. _

Accordingly, the temperature of heating of the petroleum at the stations
on "hot" pipelines is one of the planning parameters, related to the other
construction parameters of the pipeline, and its optimum value must be de-
termined in the stage of pipeline planning.

However, in the operation of an already constructed "hot" pipeline the prob-
lem arises of selecting the optimum temperature of petroleum heating. The
fact is that in the planning process the optimization of pipeline para-
meters is accomplished for any stipulated conditions: definite air and
ground temperature, fixed throughput capacity, properties of the petrol-
eum to be transported, etc. In the operacion of a pipeline many of these -
conditions change or can change. In particular, in the course of the year
there is a change in the temperature of the medium surrounding the pipeline,
there can be a change in the pumped volumes and the nature of the petroleum
to be pumped. In these cases the planned temperature of heating of the pet-
roleum at the stations ceases to be optimum and in each individual case it
must be determined anew.

The optimum temperature of heating of petroleum at the stations is deter-
mined from the following considerations. With an increase in the heating
temperature there is an increase in the expenditures on heating of the
petroleum; at the same time there is a decrease in petroleum viscosity,
and this meand head losses in the pipeline and corresponding expenditures
on petroleum pumping. The optimum temperature of petroleum heating corres-
ponds to the minimum of the sum of expenditures on the heating and pumping
of petroleunm.
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With the introduction of some simplifications the problem of optimization
of heating temperature can be solved analytically, but the graph analysis
- solution of this problem is more precise and graphic.

The power N or the quantity of energy expended in a unit time on the pump~
ing of petroleum {s determined from the expression

Nes Qllpg R

N
where Q is the discharge; H is the head developed by the pumping plants,
- equal to the total head loss in the segment of the pipeline between two
pumping-heating stations (1f there are pumping stations on the line be~
tween the pumping-heating stations, this head 1s equal to the sum of the
heads developed by all the pumping plants in the segment of the line; QM
is the mechanical efficiency of the pumping plant.

The cost of the mechanical energy is

- H
: s.=-———°nf‘ ur (8.23)

where Oy is the cost of a unit of mechanical energy.

The cost of the thermal energy expended in a unit time on the heating of
petroleum is determined from the expression

sem 2 (:1".——"“) o (8.24)

[H = in; K = end]

vhere 1), is the efficiency of the heating apparatus; Ot is the cost of
a unit o% thermal energy.

If there are heating stations on the line between the pumping-heating sta-

tions, the value obtained using formula (8.24) must be multiplied by the
- number of heatings on the line between the pumping-heating stations (it is
assumed, as is usually done, that at the pumping-heating stations and all
heating stations the difference in petroleum temperatures at the emergence
and entry into the station is identical). The loss of head H, determined
using formula (8.11), is dependent on the temperature tin at the emergence
from the pumping-heating station. The temperature tgnq at the end of the
line between pumping-heating stations can also be determined using formula
(8.5) as a function of t,,c. Stipulating a series of tjy values, we deter-
mine the corresponding values Sy and S; and in the coordinates S and ty,
we construct (Fig. 8.12) the curves Sy = f(tj,) and S¢ = £(tiy). The opti-
mum temperature is that corresponding to the minimum of the function Sy +
Sy = £(tenq).

- Despite the fact that the structure of formula (8.24) indicates, it would

seem, that there is a linear dependence St = f(tin), in a general case this
dependence is expressed by a curved line, since with an increase in heating
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temperature tjn there is a change in the ratio of the lengths of segments
with turbulent and laminar flows; an increase in t{, leads to an increase
in the legth of the turbulent segment, an increase in the mean weighted
heat transfer coefficlent for the particular pipeiine segment, and as a re-
sult, an increase in the temperature difference tjn and tgpg.

The ty, values must be adopted taking technological limitations into ac-
count. The heating temperature of the petroleum tjin must not exceed the
values at which there will occur a clogging-up of the pipes in the heat-

- exchaaige apparatus or the decomposition of petroleum begins. At the same
time, the petroleum temperature at the end of the run tgpq must exceed its
congealing point by not less than 3-5°C in the case of highly congealing
petroleums; accordingly, using formula (8.5) with a known minimum tend
value we determine the lower limit of the possible tenq values. For highly
viscous petroleums there is no technological restriction with respect to
the lower limit tgnd.

#8.10. Placement of Stations on "Hot® Pipeline

The installation of three types of stations is possible on a "hot" pipeline:
heating stations (HS), pumping stations (PS) and pumping-heating stations
(PHS). For practical purposes there can be three combinations of stations
on the pipeline: 1) only PHS; 2) PHS and HS and 3) PHS and PS.

We will examine how the stations are placed on the pipeline in all the men-
tioned variants.

1. Only pumping-heating stations are installed on the pipeline (Fig. 8.13).

On the vertical drawn on the profile from the beginning of the route we plot
the backup hpgck created by the backup pumps and the head ump Created

by the mainline pumps (if the stations are equipped with piston pumps, then
only the head created by the mainline pumps is plotted).

Using the Shukhov formula, we determine the point where the temperature
drops to the value tor corresponding to a transition of the flow regime
from turbulent to laminar.

Breaking down the sector with turbulent flow into several segments {prefer-
ably with identical ground conditions in each of these segments, which will
make it possible for each of them to take a particular value of the total
heat transfer coefficient), we will determin~ the head losses in each of
them (m = 0.25) and from the determined values we will construct a curve

of the pilezometric heads. If this curve intersects the route profile, this
means that in the entire run to the next pipeline pumping-heating station a
turbulent regime will be observed. However, if the curve does not intersect
the route profile, then from the point where the turbulent regime undergoes
transition into a laminar regime we will determine the head losses in short
segments, using the same Chernikin formula (8.11a), but withm = 1,
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successively until the curve of plezometric heads intersects the profile

of the pipeline route. Then, dropping back along the profile to the point
where the head is equal to the necessary anticavitation backup hegy for

the pumps, from the curve of pilezometric heads we plot the head Hp,in de-
veloped by the mainline pumps installed at the pumping-heating station at
this point and we will continue the construction the same as for the run
between the f£irst and second pumping-heating stations., With the equipping
- of the stations with piston pumps the station is constcucted at the point

of intersection of the 1ines of the piezometric heads and the route profile.

wl

— ‘ . . . o -”'t A

LA

1 3n
fm Eopt ey,

Fig. 8.12. Graph for determining op- Fig. 8.13. Placement of pumping-heat-
timum heating temperature. ing stations along pipeline route.

2. It is necessary to install pumping-heating stations and heating stations
on the pipeline (Fig. 8.14).

As in the preceding case, on the profile from the beginning of the pipeline
route we plot the head at the main pumping-heating station. Taking into ac-
count the possible change in the heat transfer coefficient we determine the
distance Lgi, from the pumping-heating station to the point where the tem-
perature drops to the computed value tgj, (the final temperature before the
next station) and lcr from the pumping-heating station to the point where
the temperature drops to t.y. We will break down the distance Lgy, into seg-
ments with the constant heat transfer coefficients k and if Lgjn<ber, we
use computations with the Chernikin formula with construction of the curve
of piezometric heads only for a turbulent regime (m = 0,25), and if Lgin >
L, == for two regimes -- to Licr for a turbulent regime and from L., to
L for a laminar regims (m = 1). If the curve of piezometric heads
intersects the route profile to Lggn, in the particular segment between
pumping-heating stations it is not necessary to have a heating station

and the placement of a second pumping-heating station is accomplished the
same as in the preceding case. However, if the piezometric curve does not
intersect the route profile, then in the place where the curve ends, that
1s, at the distance Lgj, from the head pumping-heating station it is neces-
sary to construct a heating station which again raises the temperature of
the petroleum to ty,. Then we determine the distance L'g4, to the point
where the temperature drops to tfipn and also the distance L'cr and as
before, we will carry out computations and make our constructions. These
computations are repeated until the piezometric line intersects the route
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profile. Retreating along the route to the point where the backup is

equal to (or exceeds) the anticavitation value, we place there a pumping-
heating station. Further computations and constructions for the placement
of heating stations and pumping-heating stations are similar to those de=-

seribed.

HTC = pumpingsheating station

TC = heating staﬁﬁpn ate nre
HTC '

HTC = pumping-
heating station

" HC = pumping station
o tfin

np .
S ™ Lgin :
Fig. 8.14, Placement of pumping-heat- Fig. 8.15. Placement of pumping~heat~
ing stations and heating stations ing stations and pumping stations
along pipeline route. along pipeline route,

3. It i8 necessary to install pumping-heating stations and pumping stations
on the pipeline (Fig. 8.15).

Using the Shukhov formula (8.5) we determine the distance Lfin from the

beginning of the pipeline at which the temperature drops from ty, to tgyq,

obtained by computations when determining the optimum pipeline parameters.

In the case of a substantial difference in the heat transfer coefficients

in the different segments of the route the computations of the temperature

1 decrease are made by segments. At the distance Leyn from the beginning of
the pipeline a second pumping-heating station is constructed (the first is
installed at the beginning of the pipeline).

Substituting the Lggn value into the Chernikin formula (8,1l1a) we find the
head loss in this segment (in the case of two regimes in the segment ~~

turbulent and laminar -- we compute the losses in each segment and sum
them).

On the route profile we draw a vertical from its origin; on this profile
we plot the backup created by the supporting (backup) pumps and then we
add the head H, equal to the computed heazd loss. The head H is divided by
an equal number of parts in such a way that each part is equal to or is
somewhat less than the admissible head at the station (points B and C).

We construct a conditional curve of piezometric heads from the point A in
accordance with the Chernikin formula. This curve with a vertical drawn
from the location of the second pumping-heating station on the profile
intersects at a height from the profile line hcay corresponding to the

anticavitation head which is imparted to the second pumping-heating sta-
tion.
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From the points B and C we draw lines equidistant to the route profile

to the intersection with the conditional curve of the piezometric heads
(B', C'). The points on the intersections of the verticals drawn through
B' and C' with the line of the route profile correspond to the points of
location of the pumping stations. If we draw from C and B'" lines which are
equidistant from the lines AB' and B'C', we obtain the lines of plezomet-
ric heads on the segments (runs) between stations.

Other combinations of stations are also possible: pumping-heating stations

- with pumping stations and heating stations, pumping stations and heating
stations; the construction principles for the placement of stations in
these cases are similar to those described above.

#8.11. Increase in the Throughput Capacity of "Hot" Pipelines

As in the case of isothermic pipelines, increases in the throughput capac-
ity of "hot" pipelines by a change in their design can be achieved by
three methods: by the laying of a looping, by an increase in the number of
stations and a combination of these two methods., But since stations of all
three types can be constructed on a "hot" pipeline, accordingly there is
an increase in the number of methods: 1) the laying of a looping; 2) an
increase in the number of pumping-heating stations; 3) an increase in the
number of heating stations; an increase in the number of pumping stations.

In addition, it is possible to increase the throughput capacity by a combin-
ation of the mentioned methods. We will examine each of them.

1. An increase in the throughput capacity by the laying of a looping (Fig.
8.16). With different diameters of the looping and the main pipeline the
thermal regimes in these two lines in parallel sectors will not be the
same, and this will exert an influence on the distribution of the flows.
Therefore, the formulas for isothermic hydraulics for computations of the
loopings on "hot" pipelines are inapplicable. In order to determine the
length of the looping necessary for attaining a stipulated increase in
throughput capacity we will write a system of equations:

1) head balance in the segment between stations (see Fig. 8.16)
B 3-01\4: :mu (tn=ts) . ' - .
= Hmp pom [ al; {Et [—mu (ta—to)] — Bt [—mu (tag —te)]} 4

(8.25)
. Q}M Gm (lm-‘l)
+B TR Ix aln {Et [ —=mu{tyy —to)] —Et [—mu (txy —tg)]} - Ab;
h

[ty = tins tg™ tg4ns = loop(ing); tg, 71 = tloop fin (end of looping)]

2) the condition of equality of head losses in the looping and the segment
of the main pipeline parallel to it

o
o (B = (=t =Bt [—mu (gt} = - (8.26)
[c = tot(al)] 3em '
= a‘;Jt-m {Et {—~mu (tgy—1o)] —~EI [—mu(fg.n—fo)ll;
- s .
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3) equations of temparature decrease along length of pipeline

'It -‘.+ (‘I—“) °.Idl: (8. 27)
: ‘u-h+(‘n—'9)°“' % (8.28)
beo nmto (g —ta) 045 (8.29)

4) balange equations for lengths and flows

L bkt (8.30)
Qe=Q1+0Qn; (8.31)
ti b pac b ey, bt
"  mo— T T
0,,8,:4, tur
Qc = Qot(al) = 100p tf4p 100p

Fig. 8.16. Increase ir throughput capacity of petroleum pipeline by the
laying of a looping.

5) other dependences:

‘-%. (8.32)
"= (8.33)
“'vhagc’“ | (8.34)
v.;;,,e'f‘(‘-"ﬁ' (8.35)

(8.36)

Vg = yng-. (‘ll"')'

In these equations L, ‘.1 and ﬁloop are the lengths of the entire segment,

the segment to the looping and the looping; Qioops QL and Qpoe [c = tot(al)]
are the flows in the looping, in the line parallel to the looping and the
total flow; ty., t » tedn loopr t are the temperatures at the be-
ginning of thénlingigeémen:,nat tge bgégnning of the looping, at the end

of the looping and at the end of the pipeline segment parallel to the
looping.

By the joint solution of the equations cited above we determine the length
of the looping lloop of the stipulated diameter Djoop ensuring an increase
in the throughput capacity to the stipulated value Qeot.

The following sequence of computations can be recommended:

1) we Etipulate the length of the looping "loop and from (8.30) we deter-
mine Lj;

2) from (8.27) we determine tin 1, first determining a from (8.32);
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3) from (8.35) and (8.36) we find Vin and Vin 1;
4) we stipulate the value Q1 and from (8.31) we determine Qjgnops
5) substituting Q) and Qioop into (8.33) and (8.34), we determgne al] nd

89 00n}

6}°¥gom (8.28) and (8.29) we determine tggy 1 and tgyy loops

7) we substitute all the determined values of the parameters into (8.26).
1f the identity is not satisfied, we change the adopted Qi value and re~
peat all the operations in 4)-7) until (8.26) is transformed into an ident-
ity;

8) we + ' .:itute all the determined values of the parameters into (8.25).
If the . lentity is not satisfied, we change the adopted Qdoo value and
we repeat all the operations in 1)-8) until (8.25) is transformed into an
identity.

In all the formulas cited above it is assumed that the flow regime in the
entire extent of the pipeline is identical. Somewhat complicating the
formulas, it is also possible to obtain a solution for the case of differ-
ent regimes in the pipeline segments,

As a result of the great number of uniform computations, it is desirable
to use an electronic computer for determining the length of the looping.

In contrast to isothermic pipelines, the position of the looping on a "hot"
pipeline exerts an influence on the total head loss. The loopings must

be situated on the "cold" ends of the segments; the thermal losses will be
less than when laying a looping at the "hot" end, and accordingly, the
total head loss will be less with the same flow.

2. An increase in the number of pumping and heating stations (Fig. 8.17).
We will examine the segment between two pumping and heating stations with
a uniform rise or descent of the route and identical thermophysical char-
acteristics of the ground along the route. Then the second pumping and
heating station with the-same head and heating temperature as the first
pumping and heating station must be constructed in the middle of the seg-
ment (run) and the head H of each pumping and heating station will be ex-
pended on overcoming resistance in a half of the segment length, that is,
= f(Qtot’ L/2). Therefore, in accordance with (8.1la) we obtain

—_ AaD 1

. o
1=p s 02 2 vt mu =t g [ amtie % ]A,.+£2'. (8.37)

{c = tot(al); H = in(itial)] where k* and ASR* are the values of the coef-
ficients k and A&r after an increase in the throughput capacity.

The Quo¢ value is determined by the successive approximations method or by
graphic interpolation from (8.37).

In the case of a dissected route profile, dissimilar thermophysical proper-
ties of the ground along the route or a change in flow regimes in the seg-
ment prior to the installation of an additional pumping-heating station,
112
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the latter need not be placed in the middle of the above-mentioned segment,
the positioning of the additional pumping and heating stations is deter-
mined in this same case the same as when positioning it on a newly planned
pipeline.

Fig. 8.18. Distribution of heads H (a) and temperatures t (b) along length
of "hot" pipeline before doubling of pumping-heating stations (1) and after
doubling of pumping-heating stations (2).

It should be noted that in the case of a dissected profile and different
thermophysical properties of the ground along the route the number of ad-
ditional pumping and heating stations in different segments for attaining
a stipulated increase in throughput capacity can be dissimilar.,

Figure 8.17 also shows the distribution of petroleum temperatures along the
route before and after installation of additional pumping and heating sta-
tions. The higher temperature on the approach to the additional pumping
and heating station than before its construction is attributable to an
increase in flow due to the installation of the additional pumping and
heating station. ,

- 3. An increase in the number of heating stations (Fig. 8.18). With identical
thermophysical properties of the ground along the route and an identical
flow regime in the entire segment it is necessary that an additional heat-
ing station be constructed in the middle of the segment. The head H of the
pumps will be expended in overcoming the resistances of two segments of
the length }/2 identical in thermal regime, where ) 1s the length of the
segment between the pumping-heating stations, that is, .

.
[c = tot(al)] Hm2f (Qh Ti‘).

Substituting these notations into formula (8.1la), we obtain _
AaD L

~ . .
”-253:70:'"'7.5‘%0- {El'—ml‘(‘.—‘,)l—s‘[—mu (‘n—fo)e . 30 ]}A""-M. (8.38)
[c = tot(al); H = in(itial); cp = mean]
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HC = pumping station
g " ¢ HIC = pumping-heating station

Fig, 8.19, Distribution of heads (a) and temperatures t (b) along length of
"hot" pipeline before doubling (1) and after doubling (2) of pumping sta-
tions,

The Q&ot value, as in the preceding case, is determined by the iterations
method,

4. An increase in the number of pumping stations (Fig. 8.19), With the con-
struction of an additional pumping station the doubled head of the station
will be expended on overcoming the resistances on the segment between the
pumping and heating stations, that is

2H = f(Qtoto L)

or g . -
. 2H = -%og-m;ﬂ {m_ [ T N |
b keaD © M (ty—to)] =Bt [ —mu (ty—te)e P = Y ]} A+ah (8.39)

.

[e = tot(al); cp = mean)]

The additional pumping station must be located closer to the end of the
line so that the head losses overcome by each station will be identical.
The positioning of the additional pumping station can be determined an-
alytically, but it is more convenient to do this by the graph analysis
mthodb

For this purpose on the profile of the route at the beginning of the run
we plot off the backup and the doubled head of the mainline pumping sta-
tions, Substituting different ’_values into formula (8.39), we determine
the corresponding values of the head losses and we construct a conditional
plezometric curve. From the point A, corresponding to the head at one sta-
tion, we draw a line which is equidistant to the route profile; its inter-
section with the conditional piezometric line determines the position of
the additional pumping station.

#8.12. Special Operating Regimes of "Hot" Pipelines

"Hot" pipelines a considerable part of the time operate ia a nonstationary
thermal and hydraulic regime., A thermal nonstationary state, associated
with slow heating or cooling of the medium surrounding the pipeline, can
115
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lead to a stoppage of the pipeline due to an exceptional increaée in the
head in it == to its "freezing up."

fme of the most serious and responsible operations is the start-up of a
newly constructed het pipeline, Nefore being put into operation the petrol-
eum pipeline 13 filled with cold water after wclding. If this water is
forced out bv not viscous petroleum or petroleum which has great tendencies
for congealing, for whose pumping the pipeline was designed, the petroleum

s (especially that part of it in contact with the cold water) will cool rapid-
ly, its viscosity is greatly increased or it solidifies and plugs up the
pipeline, stopping the flow.

In the case of a short distance between the heating stations and a rela-
tively low viscosity or solidification point of the petroleum it is some=~
times possible to accomplish a start-up of pumping into a cold pipeline
by heated viscous petroleum or petroleun with high solidifying properties.
llowever, in most cases such conditions do not exist and the pipeline must
be heated before pumping in any petroleum. It is necessary to create a
corresponding heat field in the ground around the pipeline. Such a field
before startup is created by pumping 4 heated low-viscosity petroleum,
petroleum products or water through the petroleum pipeline.

- For determining the duration of heating (pumping through of a heating fluid)
P. I. Tugunov has proposed a simplified formula:

D} —
v 0,414 -T"exp (-‘—’Eq-lﬁnl)n (8.40)

where € is the duration of heating by a low-viscosity petroleum product;
Doy [Dy] is the external diameter of the pipe; a and A are the thermal dif-
fusivity and thermal conductivity coefficients for the ground; tpipe [typl
is the temperature of the outer wall of the pipeline, assumed equal to the
temperature of the heating fluid at the end of the segment between heating
stations; tg is the temperature of the ground in an unimpaired thermal
state at the depth at which the pipeline 1g laid; q is the heat tramsfer
from a unit length of the pipeline in a unit time,

g Ge (‘.—fg) 'ZL;
[H = in; K = fin(al)]

G is the mass flow of the heating fluid; c is the heat capacity. of the flu-
id; ty, and tfin are the initial and final temperatures of the heating flu-
id; L is the distance between the heating stations.

The wall temperature of the pipe is 2-10°C lower than the flow temperature
and therefore, assuming in (8.40) that the temperature of the pipe wall
tpipe 18 equal the the flow temperature tgyn, the heating time is somewhat
exaggerated, that is, there is assurance of some time reserve.

The volume of the heating fluid is then determined from the formula
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V—-q-’r.

P

The value tpipe = tgy, 1s assumed to be such that the total head loss in
the segment between tge pumping stations with pipeline filling by the
transported petroleum does not exceed the maximum admissible head at the
stations and at the same time the flow will be turbulent or situated in
the third zone of the characteristic curve in the case of laminar flow.
This will make it possible to put the pipeline into a stationary thermal
regime while already pumping the oil to be transported. The heating can
be speeded up by using for this purpose heated water instead of a low-
viscosity petroleum product; the heated water has approximately a twofold
greater heat capacity than petroleum products. The heating time of the
water 'ﬂw te with a known time for heating by a petroleum product 'Cpet
is determineg using the approximate formula:

wmrwen (= Gar):

[B = water; H = pet(roleum products)] where Cater and Cyater are the mass
flow and the heat capacity of water.

By technical-economic computations it can be determined to what thermal
level (above the minimum, determined by the maximum admissible head loss-
es in the segment between pumping stations with the pumping of the petrol-
eum to be transported) it is desirable during the heating of water to heat
the petroleum pipeline before the initial pumping of petroleum.

The formulas cited above must be used for preliminary computations of heat-
ing of the petroleum pipeline. Due to the inaccuracy in determining the ther-
mal diffusivity, thermal conductivity coefficients and other parameters, and
also the inaccuracy in the mathematical model the actual heating time can
differ substantially from the computed value. Therefore, the pumping in

of the petroleum to be transported must begin when the temperature of the
heating fluid at the end of the segment between heating stations, measured
with instruments, attains the stipulated value tfig.

In the operation of a "hot" pipeline it is inevitable that it will experi-
ence stoppages for more or less prolonged periods. These can be caused by
damage in one of the segments, the need for carrying out repair work, dis-
ruptions in the delivery of petroleum to the head station and the technol-
ogy adopted for cyclic transfers. In order, insofar as possible, to pre-
vent the "freezing up" of the petroleum pipeline, it is necessary to know
the so-called safe time for stoppage of the pipeline, that is, the time
during which the petroleum with a tendency to congeal will still not sol-
idify in the stopped pipeline and a highly viscous petroleum will not attain
that viscosity level at which the head loss will exceed the admissible head
at the pumping station.

Approximately, the safe time ¥ of pipeline stoppage can be computed using
the formula
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. pt 2 (1-80)
teu 0,441 -E'L (-%%) Be ’

[Dy = Do) where H is the depth at which the pipeline is laid

[ty = in(itta1)! b

tin is the initial temperature of the pipe wall (immediately after cessa-
tion of pumping); t is the temperature of the pipe wall at which it is
still possible, without any complications, to renew the pumping.

In some cases a "hot" pipeline has a throughput capacity considerably ex-

ceeding the quantity of petroleum recelved for transport. So it is during

the initial period of working of the deposit when the production volume

is still inadequate for loading of the main pipeline designed for the com-
plete development of the field or during a period of decreasing production
in a deposit which is being exhausted. :

In these cases there can be two varlants of pipeline operation: with con-
tinuous pumping with reduced flows and with cyclic pumping in which some
of the time the pipeline operates with a full load and the remainder of the
time the pumping ceases.

In order to ascertain which of the operating variants is more advantageous

it 1s first necessary to determine the optimum number of cycles (in this

case a cycle is the period of time including the duration of one interval
- of continuous pumping and one interval of stoppage) with cyclic pumping.

The greater the number of pumping cycles, the lesser need be the capacity

of the additional tanks for the storage of petroleum at the two ends of
- the pipeline and the expenditures associated with them, but on the other

hand, the greater will be the expenditures on the heating and substitution
- of the main product to be transported by a low-viscosity product at the time
of pipeline stoppages. On the other hand, a reduction in the number of
cycles causes an increase in expenditures on additional capacity and a de-
crease in the expenditures on substituting the petroleum in the pipeline
by a low-viscosity product. By stipulating the cycles with different num=-
bers, it is possible to ascertain the sum of the reduced expenditures on
the capacity and expulsion of petroleum for each variant. The optimum
number of cycles will be that corresponding to the variant with the mini-
mum reduced expenditures.

Now we will compare variants with continuous and cyclic pumping. With con-
- tinuous pumping with a reduced flow the petroleum temperature between the
heating stations will drop off more than in the case of a nominal flow,
which can lead to an excessive increase in head loss or the congealing of
the petroleum. Accordingly, with a decrease in flow in comparison with the
normal planned flow it is necessary to construct a definite number of ad-
- ditional heating stations, which involves additional expenditures on their
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construction and operation. However, in the case of cyclic pumping addi-

tional expenditures arise for tanks and for expulsion of petroleum by

low-viscosity products during stoppages of pumping. The variant with min- -
imum reduced expenditures will be better.

With the stoppage of petroleum pumping in a "hot" pipeline for a prolonged
period, in order to prevent its "freezing-up" the petroleum must be ex-
pelled by a low-viscosity petroleum or petroleum product. In some cases
the petroleum has succeeded in congealing before onset of expulsion.

If the petroleum to be expelled is a Newtonian fluid, that is, for this

- fluid, in particular, there is no static shearing stress, its expulsion
from the entire segment between the pumping stations is possible by the
station pumps. However, if the petroleum is non-Newtonian, such expulsion
1s possible only in a case when the pressure p developed by the station
is adequate for overcoming the static shearing stress Tste» that is, if
there 1s satisfaction of the condition (for horizontal pipelines)

nD2
14 3 < nDlvey,
hence ) . _
P> :;c'r ,

[CT = st] where D and Q.are the diameter and length of the pipeline segment
between stations.
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Fig. 8.20. Graph of expulsion of congealing petroleum from pipeline. A)
period.

If this condition 1is not satisfied, the petroleum expulsion must be accom-
plished in lesser segments.

Now we will examine the piston process for the expulsion of petroleunm
which is employed with the placement of a separator in front of the ex-
pelling product or in the case of a structured flow of the petroleum to
be expelled.

In order to accelerate the petroleum expulsion process it is desirable that
it be accomplished with the maximum possible flow. In this case the re-
strictions are the maximum admissible head at the output from the pumping
station, taking into account the strength of the pipeline and equipment,
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or the maximum delivery of the station pumps.

In a general case the petroleum expulsion process can be broken down in-

to two periods (Fig. 8.20, a). During the course of the first period the
head of these is limited to the maximum admissible value hpgx and the

flow Q with an increase in the length of the segment occupied by the low-
viscosity product increases. Finally, the flow attains the maximum possible
delivery of the pumps under the given conditions, that is, by this time the
head restriction is completely removed. This is followed by a second per=
iod associated with a further increase in the length of the segment occup-
ied by a low-viscosity product, a total loss of head, and together with

it the head at the station is reduced and the flow in the pipeline slow-

ly increases due to movement of the point of intersection of the head char-
acteristics of the centrifugal pumping station and the petroleum pipeline
in the directlion of an increase in the flows (with the outfitting of the
station with piston pumps the flow during the course of the second period
will be constant).

Two special cases are possible. If in the case of total delivery by the
pumps at the very beginning of expulsion the head developed by the pumps
is equal to or less than the maximum admissible level (Fig. 8.20,b), the
head at the station will constantly decrease and the flow will slowly in-
crease. However, if the head losses in the pipeline corresponding to the
maximum delivery by the station pumps when the expelling product reaches
the end of the segment between the pumping stations exceed the maximum admis-
sible head at the station hpay, the head at the station must constantly be
maintained equal to hpax and the flow will constantly increase (Fig. 8.20,

- c).

For the first period (see Fig. 8.20,a) with expulsion of Newtonian petroleum
the head losses in the pipeline at any moment are expressed as follows:

Y I S T

’ 8.41
hmaxpy = Do . ) +Azpeps ( )

where the subscripts 1 and 2 relate to the expelling and expelled fluilds
respectively; Az is the difference in the elevations of the end and beginn-
ing of the segment; Praan is the mean density of the fluids in the pipe-
line.

Breaking down the pipeline into short segments, we will substitute the cor-
responding x values into (8.41) and determine the Q values for different
flow regimes of the two fluids. Using the Q values for the segments we

determine the time of passage through the discontinuity oi each segment,
and then’ summing them,we find the time -; -- the dureacion of the first
expulsion period.

In the case of a laminar flow regime of both fluids expression (8.41) is
simplified: .
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- . e
Prhmax =10 DQ. [¥s2p1 -} va (L—2) p3] =+ Aspeps

(8.42)
[ep = mean] hence
1gD4 (phmax— A1pep)
=TT (8.43)
Substituting into the continuity equation

th--n—:i’-d: . (8*‘44).

the Q value from (8.43), after integration we obtain the duration of the
. first expulsion period

S
"= 2D (Orhmax —Bipep) (-”"‘*"" ) ‘3)

(8.45)

The length of the segment X7 corresponding to the first period of expul-
sion 1s determined from (8.110'2) by substitution of the Q value correspond-

- ing to the head hypy in accordance with the head characteristic curve for
the pumping station.

For the second period it is possible to write the pressure balance equation

[H = in] & (..o_a.m-—ff,-“,?—f- [p;vxr-i-.pws (L ==z)]1+ Aspepts (8.46)
hence

gDt (;oél‘ A'Pﬁ ) E
Q - 128 [pl\',z+pg\"| ([‘ —’)' +h“ﬂ‘D‘Pl (8 . 47)

and after substitution into equation (8.44) and integration we obtain

. 32 q{ L’-—z{
257 (prdo— Aipep) (VaEPa +Tm p:hnnzD‘) (L)) = (vop3 —V1p1) ——5——

Here ap and h:[n are coefficients of the interpolation formula in the form
He= 80 - hinQ,
describing the head characteristic curve of a centrifugal pumping station.

The total expulsion time is o
- LT L

If the petroleum to be expelled flows in a structured regime, the total
pressure loss pi,. in the pipeline can be represented as follows:

128v,Q1p 128v,Q (L—2)py | 18 To(L—z)
ptOt = ab‘ 1 + ’;;D‘ [ +3_TO(D z) .
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Here the first term represents the pressure loss in the segment x occup-.
ed by the "pushing" fluid, which moves in a laminar regime; the second

and third terms represent the pressure loss in the segment L = x occupied
by the fluid to be expelled, which moves in a structured regime, in accord-
ance with the simplified Buckingham formula.

In this equation replacing ppot by the maximum admiesible pressure hpay P18
for the first period and (ag - hy,Q) P18 for the second period and solving
this equation jointly with the continuity equation (8.34), similar to the
preceding case we will determine the time for expulsion of the petroleum
flowing in a structured regime.

If the petroleum to be expelled is a Newtonian fluid at the expulsion tem-
perature, the product expelling it (with a laminar flow of both fluids)
will be wedged into it.(in the absence of a separator at the discontinuity
of the fluids) and the vertex of the wedge attains the end of the line seg-
ment sooner than the remaining mass of the product. Accordingly, the entire
process of petroleum expulsion can be divided into two phases: expulsion
phase, ending when the wedge vertex of the expelling fluid reaches the end
of the line segment, and the "washing" phase, during which there is a vir-
tually complete expulsion of all the petroleum to be expelled from the

line segment.

If it is assumed that during expulsion there is retention of the profile

of velocities characteristic for a laminar regime, that is, the axial velo-
= city is two times greater than the mean velocity, it is possible to deter-

mine approximately the duration of the first expulsion phase, which will be
- half as great as the duration determined using the formulas cited above.

The duration of the second phase —- the "washing out" -- is determined us-
ing the formulas for the similar operation of successive pumping in a laminar
regime,

#8.13. Clearing of Paraffin Deposits from Petroleum Pipelines

Many petroleums, especially petroleums from eastern regions, contain paraffin,
For example, the following contain paraffin: Volga region petroleums -- from
2 to 11%, petroleums of Turkmenia -- up to 16X, Ozeksuatskaya petroleum
(Stavropol'skiy Kray) -- 24% and Mangyshlak petroleums (Kazakhstan) —- up

to 29%.

Under stratum conditions the paraffin is dissolved in the petroleum. With
rising to the surface and during pumping through pipelines the petroleum
temperature is reduced, the solution becomes saturated and under definite
conditions the paraffin precipitates from it, being deposited on the pipe-
line walls. The paraffin deposits decrease the pipe cross section and ac-
cordingly reduce the throughput capacity. For example, the deposition of
paraffin in some pipelines in the Bashkirskaya ASSR has reduced their
throughput capacity to 50%. As demonstrated by an investigation of the
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deposits, they consist of paraffins with a high melting point and ceresin
wax (up to 502), asphalt-tar substances (up to 20%), mechanical impurities
and oils,

The deposits are distributed nonuniformly along the pipeline. In the ini-
tial segment of the pipeline, where the temperature is higher than the
onset of precipitation temperature for paraffin, its deposits are insig=-
nificant. Then, where the temperature is lower, the paraffin is released
intensively and its deposite are substantial, Thereafter the thickness of
the paraffin deposits along the length of the pipeline decreases since the
petroleum already moves at an almost constant temperature aqual to the
ground temperature and the main mass of the paraffin precipitating at this
temperature has already been deposited in the preceding segment.

However, it should be noted that both the weather conditions exerting an
influence on the temperature of the ground surrounding the pipeline and
the properties of the petroleum can introduce significant correztions into
the described pattern of distribution of paraffin deposits in the pipeline.

A study of paraffin deposition in petroleum pipelines made it possible to
clarify the conditions necessary for the formation of such paraffin depos-
its on the inner surface of pipes:

presence in the petroleum of a considerable quantity of paraffin, which
with a decrease in the temperature to a value when the paraffin content
attains a saturation content begins to precipitate out;

a relatively low petroleum viscosity, making it possible for the paraffin
crystals to move freely in the petroleum flow;

a temperature decrease in the petroleum pipeline to the level at which the
paraffin precipitates out due to a decrease in solubility.

In order to maintain the pipeline throughput capacity at a level close to
the planned level it is necessary to clear it from the paraffin deposits.
The most effective method for claaring the inner surface of the pipeline
at the present time is mechanical cleaning by means of scrapers. Both in
the Soviet Union and abroad many designs of metal scrapers have been devel-
oped in which the cleaning elements are disks, knives and wire brushes. The
scrapers of different designs are different in the effectiveness of remov-
ing deposits from the walls of the pipes, with respect to resistance to
wear and passability. The latter quality is very important for pipelines
having even insignificant obstacles in the inner cavity in the form of
backing rings, burrs and constrictions in fittings. During regular clean-
ing of a pipeline metal scrapers can pass up to 100 km without excessive
wear.

Good passability qualities are characteristic of spherical rubber separators
which can also be used for clearing pipelines from paraffin deposits. The
optimum periodicity of passage of scrapers (or spherical separators) along
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a pipeline 1is determined on the basis of the following considerations.

The deposition of paraffin in a pipeline causes a decrease in throughput
capacity and corresponding losses; the greater the time lapse between use
of the scrapers, the greater will be these losses. On the other hand, the
legser the time lapse between use of the scrapers, that is, the greater
the number of passes of the scrapers, the greater will be the expenditures
on scraping (and also the losses due to stoppages of the stations when the
seraping 1s being done if such stoppages are required by the established
cleaning methods). ‘The optimum periodicity of passage of the scrapers
corresponds to the variant in which the losses from paraffin deposition
in the pipeline and the reduced expenditures on passage through of the
scrapers are minimum.
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